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ABSTRACT
Geographic Information System (GIS) technology was used to develop 
a local scale screening procedure for assessing shallow ground water's 
vulnerability to nitrate contamination. The procedure was based on the 
spatial distribution of ten key physical and chemical properties of soils. Both 
flow characteristics and attenuation capabilities of soils were incorporated 
into the assessment. Land surface areas were classified by the GIS to show 
the level of vulnerability present at a site as a result of existing natural 
conditions. The procedure produced a Vulnerability Index (VI), and resulted 
in VI ranging from 4.98 to 6.72 for the study area (with ten indicating the 
highest vulnerability).
Procedure evaluation involved shallow w ater well sampling for 
nitrates, and the correlation of VI values with nitrate concentrations. Four 
GIS-based approaches were used to evaluate the procedure's reliability. 
Vulnerability was examined as a point value (at the wellhead), and within a 
wellhead buffer area of three different sizes: 400- and 800-meter radius, and 
a custom-shaped area upgradient of the wellhead of equal area to the 800- 
m eter area.
Sampling was conducted in the Big Creek sub-basin of the Tangipahoa 
River in Southeastern Louisiana. Wells located on sixteen dairies and ten 
residential (non-dairy) sites were tested for nitrates and phosphates. Bi­
weekly sampling was conducted during the summer, 1993 and winter, 1994.
W ater quality results indicated that 84.7 percent of all samples had 
ground water nitrate concentrations less than 1 mg-N/L. Nineteen of 26 sites 
had concentrations that remained below this level. Higher concentrations 
were observed a t seven sites. The highest concentrations observed were 12.95 
mg-N/L (daily site) and 8.57 mg-N/L (residential site). Phosphates were not 
detected a t any sampling site.
Comparisons of VI to nitrate concentrations by linear regression 
analysis indicated the procedure was moderately reliable. Area assessments 
consistently provided better correlation between vulnerability and nitrate 
occurrence than  did the point assessment. The best correlation between VI 
and maximum nitrate concentrations (R of 0.454) was obtained for the 
custom buffered approach.
xvii
CHAPTER 1 
INTRODUCTION
1.0 Introduction
A Geographic Information System (GIS) is a computerized information 
management system designed to assess relationships of spatially distributed 
(specifically geographical) data. A technology emerging in the mid-1980's, 
GIS evolved from the "linking (of) parallel developments in many separate 
spatial data processing disciplines," (Burrough, 1986) including cartography, 
computer-aided design, surveying, photogrammetry, and remote sensing. As 
a result of this evolutionary history, GIS has many similarities w ith other 
data and information management systems.
The key to distinguishing GIS from other information management 
systems is, however, to note the differences between GIS and the other 
systems. Unlike computer-aided design systems, GIS accommodates a 
greater volume and diversity of data, and uses specialized analysis methods. 
Management information systems have spatial data, analytic capabilities and 
graphic products, but may not have the capability of accomplishing analysis 
on a geographical basis or producing map output products. Expert systems 
(ES) include most components of GIS except map output, however, ES direct 
a query toward one feasible answer while GIS can provide an alternate set 
of solutions or an optimal query solution. Ultimately to be a GIS, a  system
1
2m ust use geographical data as key entities, perform analysis of these data, 
and produce a map output product (Lam, 1990).
Data used in a GIS are not just spatial, but specifically geographical 
in nature. Geographical data are "observations on spatially distributed 
features, activities, or events tha t are described in terms of (a) their position 
with respect to a known coordinate system, (b) their attributes that are 
unrelated to position (such as color, cost, pH, incidence of disease, etc.) and 
(c) their spatial interrelations with each other." (Water Cycle Concepts, Inc. 
(WCCI), 1991) These data are definable within a GIS as points, lines, or 
areas (Burrough, 1986), and help GIS model the physical world.
GIS performs spatial analyses by building topology, the relational 
aspects of geographical data where the location of one element (data point) 
in space is defined relative to another element. Once topology is defined, 
analyses can be performed across data layers (up to 63 layers) using 
mathematical algorithms. Some of the analyses tha t can be performed 
includes resource or feature identification, enumeration, delineation, 
classification, and optimization (Lam, 1990).
Map products of both graphical and non-graphical data, including 
multi-layered data, can be produced using GIS. "GIS combines the speed and 
voluminous data handling capabilities of modern computers with the 
positional accuracy of traditional mapping products" (WCCI, 1991) to generate 
map products of either data or analytical results.
3GIS applications can vary depending on data availability and the 
algorithms and system capabilities of a particular system. From its inception 
GIS has been used to address water resources and environmental issues, 
including flood forecasting (Johnson, et al., 1990), watershed hydrologic 
modeling (Vieux and Kand, 1990), nonpoint source pollution prediction 
(Gilliland and Baxter-Porter, 1987), urban stormwater management (Walker, 
et al., 1990), and water and sewer distribution systems maintenance (Karaa, 
1989). Only since 1990 has the application of GIS to ground water-related 
problems been initiated, with applications including analysis of flow systems 
(Focazio, 1990) and simulation of contamination (Yang and Yeh, 1990). GIS 
was first used to assess the potential for ground water contamination in 1990 
(Evans and Myers, 1990).
The term p o ten tia l as used here conveys the meaning tha t three key 
elements necessary for contamination to occur are present. These are: 1) the 
presence of a contaminant, 2) land use or human activity tha t might provide 
opportunity for the contaminant to enter the environment, and 3) the 
environment or physical setting. The process of determining contamination 
potential involves the assessment of both environmental and anthropomorphic 
conditions for the area under investigation.
The environmental component of the pollution potential assessment 
process is the one component over which human beings have little or no 
control. A contaminant, if released at the land surface, may be retained or
infiltrate the subsurface to be absorbed, decomposed, attenuated, or repelled 
by subsurface materials. As a result, the environmental component becomes 
the controlling factor in determining whether a contaminant will reach the 
w ater table. The environmental component can, therefore, be considered the 
foundation to all pollution potential assessment studies.
Procedures to assess the environmental or site vulnerability to 
contamination have been referenced by many different names. Terms found 
in technical literature include site assessment (Hagerty, et al., 1973), risk 
assessment (Evans and Myers, 1990), hydrogeological vulnerability (Canter, 
et al., 1987; Aller, et al., 1987), and vulnerability assessment (Lemme, et al., 
1990; Hatchitt and Maddox, 1993, North Carolina Cooperative Extension 
Service, 1993) to name a few. Risk assessment is the broader of the terms, 
and is more commonly accepted as primarily conveying human health risks. 
Site assessment could include not only the environmental setting, but also 
land use considerations as physical structures or land management practices. 
The term v u ln e ra b ility  assessm en t most concisely denotes the process of 
determining, independently of land use activities and contaminant sources, 
the vulnerability of the hydrogeological or environmental system to becoming 
polluted, and will, for the purposes of this research, be the preferred term.
1.1 T he P rob lem
Vulnerability assessment has historically been conducted as a 
component of the pollution potential assessment process, and has, as a result,
received less attention than  is needed to adequately develop a reliable 
vulnerability assessment procedure. Vulnerability assessment has, for some 
pollution potential assessment procedures, been excluded entirely from the 
process. When included, the vulnerability assessment process has had 
several conceptual and implementation problems, including the general 
failure of existing procedures to consider vulnerability in its spatial context.
Pollution potential assessment procedures have been primarily 
concerned with the vertical distribution of characteristics impacting 
vulnerability, with little regard for vulnerability as it varies across space. 
The spatial distribution of vulnerability-controlling factors and the spatial 
(geographical) relationships of one site to another have received little 
emphasis in the vulnerability assessment process.
Several critical problems exist in the way currently available 
vulnerability assessment procedures have been formulated and implemented. 
Currently available procedures have been limited in scale, in scope, and in 
approach. Conceptually, most of the procedures have strongly emphasized 
geology, particularly subsurface and aquifer conditions. The vulnerability 
assessment factors most frequently used have been those that influence liquid 
movement in the subsurface environment. The near-surface liquid movement, 
and the ability of the natural setting to prevent contaminant entry into or the 
attenuation of a contaminant once entering the system have been given 
minimal consideration, if not excluded completely. Since most contaminant
attenuation occurs in the soil profile (UNESCO, 1980), the incorporation of 
the soil characteristics th a t adequately depict a soil's ability to influence 
subsurface flow and to attenuate a  contaminant is essential. This is 
presently not occurring with sufficient consistency to realistically represent 
the true vulnerability of an area.
Finally, the reliability of most currently available vulnerability 
assessment procedures has generally been untested. The general lack of field 
testing suggests the procedures have an unknown accuracy and applicability.
A vulnerability assessment procedure is needed tha t will address the 
spatial distribution of not only flow but also attenuating capabilities of the 
physical setting. The procedure should be based on reliable, large scale input 
data, and be local in project scale so th a t results can be reliably applied to 
parish, community and even subdivision or farm level. The ease of 
implementation and reliability of the procedure are particularly important for 
the adaptability of a procedure to different geographical areas. Finally, 
testing needs to be conducted to demonstrate the accuracy and applicability 
of any procedure to an area prior to its wide use.
1.2 R esearch Focus
The application of GIS to the vulnerability assessment process was first 
proposed by Bruner, et al. (1990), and is the focus of the research described 
here. This research further targets shallow ground water, and its 
vulnerability to nitrate contamination.
Shallow ground w ater was targeted because: 1) it is a vital resource, 
and 2) it is a  resource at great risk of contamination. In Louisiana, sixty-nine 
percent of the population in 1980 obtained drinking water from ground water 
(Louisiana Department of Environmental Quality (DEQ), 1988), and fifty-four 
of the sixty-four parishes used ground water for public w ater supplies 
(League of Women Voters, 1986). Of these supplies, many are from shallow 
ground w ater sources. Shallow ground water supplies plant and animal 
needs, provides base flow to surface streams, and recharges aquifers. It is 
also the primary source for water used by agriculture, and for rural drinking 
w ater supplies.
Reported incidences of ground water contamination have occurred 
almost exclusively in shallow ground water. Deeper aquifers appear to be 
relatively free of contamination (Moody, 1990).
The targeting of nitrate contamination is important because of: 1) the 
frequency of nitrate contamination occurrence in shallow ground water, 2) the 
regional extent likely for nitrate contamination, 3) the potential for nitrate 
contamination to be associated with agricultural activities, particularly 
dairies, and 4) the health risks associated with nitrates in drinking water. 
Although most ground w ater contamination is generally localized, regional 
scale contamination can result from production agriculture, use of lawn and 
garden chemicals, or domestic waste disposal (U. S. Senate, 1989). Nitrates 
have been identified as the contaminant most often associated with regional
scale contamination. Thirty-four states have reported nitrate contamination 
in ground water associated with production agriculture (Patrick, et al., 1987). 
N itrate concentrations tha t exceed 10 mg N 0 3-N/L can cause the death of 
infants under six months of age, and have been associated with illness in 
adults.
The seriousness of the nitrate contamination threat to shallow ground 
water in Louisiana depends upon the vulnerability of the environment at any 
particular location. Should contamination occur, many people would be 
impacted and many uses curtailed. The development of a GIS-based 
vulnerability assessment procedure targeting shallow ground water's 
vulnerability to nitrate contamination is particularly important to Louisiana's 
rural areas where extensive agricultural activity usually exists, and where 
most people rely heavily on shallow ground w ater for drinking water.
1.3 Objectives
This study was designed to develop a GIS-based vulnerability 
assessment procedure, and to evaluate the functionality of th a t procedure. 
Specifically, the project's goal was to develop a local scale, GIS-based 
procedure for assessing vulnerability to shallow ground water contamination. 
Attributes desirable in the vulnerability assessment procedure include: 1) 
minimal data input requirements, 2) utilization of readily available data, 3) 
economy and ease of application, and 4) targeting Louisiana's agricultural 
community to aid in implementing more environmentally sound agricultural
management practices. This goal was accomplished through the completion 
of the following objectives:
Objective 1: To develop a GIS-based vulnerability assessment
procedure based on readily available indicator data 
appropriate for local scale project implementation;
Objective 2: To implement the procedure using Intergraph
MicroStation GIS software and relevant hardware;
Objective 3: To produce preliminary results of the vulnerability
assessment;
Objective 4: To field test the procedure to determine the
accuracy of the procedure's vulnerability 
delineations;
Objective 5: To modify the procedure as needed to produce a
better match between vulnerability delineation and 
distribution of observed ground water quality 
conditions within the study area; and
Objective 6: To produce graphical and non-graphical outputs of
the procedure's results for the study area.
CHAPTER 2 
BACKGROUND
2.0 Introduction
The process of assessing site vulnerability will be examined before 
discussing how to apply GIS to the process. Since vulnerability assessment 
has historically been conducted as a component of the larger pollution 
potential assessment process, attributes of the overall process will be 
discussed first. This will be followed by detailed examinations of specific 
pollution potential assessment procedures and of the vulnerability assessment 
component of each procedure.
Procedures for assessing pollution potential vary in scope, in scale, and 
in approach. Each of these general concepts relevant to the assessment is 
briefly discussed to set the stage for reviewing specific assessment 
procedures.
Project scope refers to the overall goal or purpose of the pollution 
potential assessment project. An assessment project may be multi-purpose 
or single purpose in terms of the contaminant and land use components. A 
single purpose project, for example, might examine vulnerability due to the 
disposal of brine, where many disposal alternatives are being evaluated to 
determine the least risky disposal alternative. Siting of a hazardous waste 
disposal facility represents a multi-contaminant, single land use assessment
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process; whereas, true multi-purpose assessments are multi-contaminant and 
multi-land use assessments.
Scale refers to the spatial or geographical extent of the assessment 
project. Barcelona, et al. (1990) have identified project scale as regional, local 
or site scale. These types of project scale are described below.
1. Regional scale assessments are multi-purpose projects of large 
geographical extent. They are generally designed to detect potential 
sources and location of ground water contamination, i.e. a screening 
technique primarily. These projects are less costly than site scale 
projects because of the minimal data requirements, limited field level 
investigations, and lower data accuracy requirements.
2. Local scale assessments are similar to regional assessments with 
the scope and geographical extent being variable, but covering a 
smaller geographical area than regional scale assessments.
3. Site scale assessments are complex, detailed, expensive 
investigations intended to provide very reliable, site-specific insights 
into the pollution potential a t one location only. They are usually single 
purpose projects tha t require extensive field investigations and 
accurate data upon which the final assessment is made. The results 
and interpretation of these assessments are likely to be thoroughly 
evaluated because of the high expenditures associated with the 
completion of the process.
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Assessment procedures are typically either theoretical or empirical in 
approach. Each approach has its place in assessment of pollution potential. 
Empirical procedures can be a valuable first step, helpful for planning, for 
screening, for prioritizing sites, areas, or issues to address, and for evaluating 
management alternatives. Theoretical procedures are a necessary final step 
for any assessment that is intended to result in project implementation, i.e., 
construction of a new facility or final site selection for a designated activity.
Theoretical assessments are mathematical, focusing on producing 
quantitative results based on a comprehensive examination of all factors 
impacting pollution potential. Because of the level of detail required for 
theoretical assessments, these are usually applied to single purpose scope 
projects that are site-specific in scale. They require a highly skilled, m ulti­
disciplinary investigation team to conduct the assessment. They also require 
extensive, costly field investigations to provide all the necessary data inputs 
for the pollution potential determination. Because of the requirements of 
theoretical assessments, this assessment approach is beyond the scope of this 
project, and therefore, will not be discussed in further detail.
Empirical assessments are more generalized procedures tha t provide 
a  broad perspective or overview. They are usually multi-purpose and local or 
regional in scale. Not all factors influencing pollution potential are 
incorporated into these procedures, therefore limiting or reducing the 
complexity of the assessment procedure, minimizing the data requirements,
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and reducing procedure costs. Empirical assessment procedures have been 
described by Canter, et al. (1987) as including the following features:
1. numerical indices or classifications of ground water pollution 
potential;
2. multiple factors and relative importance weighting,
3. measurement techniques for factors and scaling (scoring) of 
importance weights;
4. indices based on summation of factor scores or products of 
scores; and
5. interpretation needing caution and professional judgement.
For the most part, empirical procedures have been manual assessments that 
provide relative, not absolute conclusions. Professional judgment is not only 
critical to interpretation of the results, but also to the determination of 
factors to be included, and the evaluation and weighting of these factors.
2.1 A ssessm ent of Pollution  Potential
A literature search to identify existing pollution potential assessment 
procedures was conducted. The procedures identified are described below, 
with more detailed discussions of the vulnerability assessment component to 
follow.
2.1.1 M anual Procedures
Assessment of pollution potential was made, at least in some form, in 
even the earliest civilizations. Early assessments were most likely site scale
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assessments involving a simple process of identifying an acceptable site for 
a single activity such as where to build a house (or pitch the tent), where to 
dig a w ater well or where to install a home sewage system. Ground water 
quality protection was, at best, only a minimal consideration in the 
assessment procedure, and in fact, may have been negatively impacted as a 
result of siting practices.
The U. S. Department of Agriculture's Soil Conservation Service 
(USDA) was probably one of the first agencies in the United States to develop 
formalized procedures for assessing area acceptability for specific land uses. 
The process, called land capability classification, was initiated in 1939 
(USDA, 1993). The assessment was based on four factors: permanence of the 
soil (erodibility), productivity of the soil (included fertility, w ater holding 
capacity and other factors), the presence of conditions that interfere with 
cultivation, and climate (particularly temperature and precipitation). The 
goal of the procedure was to answer the question "Is the land suitable for 
cultivation?". Nine land capability classes were formed. Classes I through 
IV were suitable for cultivation under specified conditions, while Class V was 
not suitable for cultivation. Classes VI through VIII were not suitable for 
cultivation but were suitable for grazing. Class IX was not suitable for either 
cultivation or grazing. Environmental protection considerations in the 
process initially focused on reducing soil erosion. Protection of surface or 
ground water was not directly considered. Assessments were single purpose,
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local or regional in scale, and included land use and site assessment 
components.
The majority of formally documented pollution potential assessment 
procedures that focus on ground water pollution potential were developed and 
implemented in the 1970's and 1980's (Canter, et al., 1987). Most procedures 
were empirical in nature, which led to "the development of numerical indices 
or classifications of the ground water pollution potential of man's activities" 
(Canter, et al., 1987). A review of these assessment procedures revealed the 
variability in technique that was used for determining ground water pollution 
potential. Table 1 lists nine procedures developed during this period, and 
provides examples of their applications. Each of these procedures followed 
the empirical assessment methodology. These procedures are described to 
illustrate how the assessment of pollution potential was made.
The Surface Impoundment Assessment, developed by EPA (1978), was 
designed to evaluate wastewater ponds. The system produced an alpha­
numeric rating of the potential for ground water contamination to result from 
the impoundment. Four key characteristics were considered: the unsaturated 
zone, the availability of ground water, ground water quality, and the hazard 
potential of the waste contained in the impoundment. To rate these 
characteristics, fourteen factors were examined in context of their 
contribution to the pollution potential. A final rating was formed by 
summing the ratings for each characteristic and adding a letter (A, B, or C)
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Table 1. Applications of N ine Em pirical A ssessm ent 
M ethodologies. (Source: Canter, et al., 1987)
Methodology Examples of Application
Surface
Impoundment
Assessment
Evaluation of extant liquid impoundments (pits, 
ponds, and lagoons).
Landfill Site Rating Evaluation of extant or new sanitary landfill sites.
Waste-Soil-Site 
Interaction Matrix
Evaluation of new industrial solid or liquid waste 
disposal sites.
Site Rating System Chemical landfill site selection or evaluation.
Hazard Ranking 
System
Ranking of hazardous waste sites for remedial 
actions.
Site Rating 
Methodology
Ranking of hazardous waste sites for remedial 
actions.
Brine Disposal 
Methodology
Evaluation of extant or planned practices for brine 
disposal from oil and gas field activities.
Pesticide Index Ranking of pesticides based on their ground water 
pollution potential.
DRASTIC Evaluation of the potential for ground water 
pollution at a specific site given its 
hydrogeological setting.
to indicate the level of confidence the evaluator had in the rating and the 
data upon which the rating was based. Note, the letter A expressed the 
highest level of confidence in the rating, which was formed based on specific 
data obtained a t the site being assessed. The procedure was also used in a 
study of septic tank systems in Central Oklahoma (Canter and Knox, 1985).
The Landfill Site Rating Method (EPA, 1978), also called the LeGrand- 
Brown Method, was developed specifically for landfill siting. The method 
combined four factors in a complex, nine step rating scheme. The pollution
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potential was based on the distance between the contaminant source and 
point of use of the ground water, depth to the water table, water table 
gradient, and permeability and attenuating capacity of the subsurface 
materials (specifically, texture and thickness). Rating tables guided the 
evaluation of each factor. Rating values for each factor were summed. 
Special site and miscellaneous identifiers were examined and assigned 
alphabetic labels, descriptive of the identifier of concern. Special identifiers 
included broad assessment of aquifer sensitivity, data completeness and 
accuracy, and unique site conditions as adjacent surface stream, flood plain, 
as well as others. The final rating was a nine digit alpha-numeric expression 
tha t was a combination of the individual ratings, the composite rating and 
the alphabetic labels added to represent special identifiers. The 
interpretation of results was very difficult and very subjective.
The Waste-Soil-Site Interaction Matrix (Phillips, et al., 1977) was 
developed to assess the ground water pollution potential associated with the 
land disposal of solid or liquid industrial wastes. A numerical rating, ranging 
from 45 to 4,830, was developed by evaluating and scoring ten waste and 
seven site factors, and then multiplying the sum of the waste factors by the 
sum of the site factors. The factors included hum an toxicity, ground water 
toxicity, disease transmission potential, chemical persistence, biological 
persistence, sorption, viscosity, solubility, acidity, waste application rate, soil 
permeability, soil sorption, depth to water table, hydraulic gradient,
18
infiltration, distance to the nearest point of use, and thickness of the porous 
layer. Because of its large range of values, the numerical ratings were 
grouped to form ten classes to communicate the acceptability of the pollution 
potential. Classes 1 through 5 had numerical ratings of less than or equal to 
500, and conveyed acceptable pollution potential levels. The results of the 
rating provided a means of comparing and ranking alternative sites in terms 
of the pollution potential associated with disposal at each site.
The Site Rating System (Hagerty, et al., 1973) was designed for 
chemical landfill site selection and evaluation, and could also be used for 
evaluating the pollution potential of existing sites. Developed in 1973, the 
procedure required numerical rating of ten site factors and five waste 
material factors. Each factor was defined by a mathematical expression of 
the relationships among relevant parameters. Each component factor rating 
was summed to arrive a t a composite score to express pollution potential. 
Site factors included infiltration potential, landfill bottom leakage potential, 
filtering capacity of bottom soils, adsorptive capacity of bottom soils, organic 
content of ground water, buffering capacity of ground water, potential travel 
distance from the bottom of the landfill to ground water, ground water 
velocity, prevailing wind direction, and a population factor (number of people 
to be impacted by contamination). Waste material factors were human 
toxicity, ground water toxicity, disease transmission potential, biological 
persistence, and waste mobility. Data requirements had to be met primarily
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through field measurements. The final rating ranged from 0 to 110, with a 
lower rating indicating a lower pollution potential.
The Hazard Ranking System (Caldwell, et al., 1981) was developed by 
the U. S. Environmental Protection Agency (EPA) for use in prioritizing sites 
for inclusion in the Superfund program. The system determined the potential 
for harm  to hum an health and the environment that could result from 
chemical movement from the site to surface water, ground water, or air. A 
numerical score was determined for each of three key components: 1) the 
potential for harm to humans or the environment due to chemical migration, 
2) the potential for harm  due to fire or explosion, and 3) the potential for 
harm due to direct human contact with chemical on-site. Each component's 
score was determined by rating a set of factors believed to influence that 
component. Each factor was assigned a score tha t was multiplied by a 
weighting factor. Factor scores were then summed to form the component 
score. For the final site rating, component scores were multiplied together. 
Table 2 shows the distribution of factors among the components and the 
migration routes. The factors used for the fire/explosion component and the 
direct contact component are identical for each migration route. A total of 
forty-four unique factors were incorporated into the assessment procedure. 
Only three factors (depth to aquifer, net precipitation, and permeability of the 
unsaturated zone) tha t describe site vulnerability were used in this 
procedure.
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Table 2. The Number of Factors Included in the
Hazard Ranking System.
Assessm ent
Com ponent
Route o f  Exposure
A ir SurfaceWater
Ground
W ater
Migration 9 12 11
Fire or 
Explosion 12 12 12
Direct
Contact 5 5 5
The Site Rating Methodology (Canter, et al., 1987), developed by the 
EPA in 1980, was used in prioritizing Superfund sites for clean-up. The 
procedure merged contaminant source, land use, and site characteristics 
considerations into a three component hazard potential assessment. The 
components were a rating factor system, an additional points system, and a 
scoring system. Thirty-one factors made up the rating factor system. The 
factors were sub-divided into four categories: receptors, pathways, waste 
characteristics, and waste management practices. A four-level rating scale 
was used for each factor, with each ranging in value from zero to three. Each 
factor was also assigned a multiplier, or weighting factor, to indicate the 
impact of the factor has upon the hazard potential. The rating factor was 
multiplied by the multiplier to yield a factor score for each factor. Scores 
were normalized, based on a scale of 100, and some adjustment made for 
missing or assumed data. Additional points could be added, within pre­
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specified limits, to the scoring to add emphasis to any category. For example, 
zero to ten points could be added for seismic activity potential in the area. 
Data for the procedure were intended to come from readily available 
published information, public and private records, contacts with 
knowledgeable parties, and site visits. Guidelines for interpreting the level 
of potential hazard were also provided as part of the procedure.
The Brine Disposal Methodology was developed a t Western Michigan 
University to assess the potential for ground water contamination from the 
disposal of oil and gas field brine (Canter, et al., 1987). The method was 
based on the rating of five factors, in which each factor may be rated from 
one to ten. A rating of ten indicated the highest potential for contamination. 
Factors included method of brine disposal (pit or injection), the volume of 
brine disposed, subsurface geology, oil and gas well density, and proximity to 
water wells. The subsurface geology rating, the only factor describing site 
conditions, contained two components: 1) total thickness of shale formations, 
and 2) vertical isolation (the distance between the bottom of the pit or 
injection well and the nearest aquifer). A multiplication factor was applied 
to the brine volume rating if the brine was injected under pressure or injected 
directly into an aquifer. An overall numerical rating, which could range from 
five to fifty-nine, was determined by adding the ratings for each factor.
The Pesticide Index developed by Rao, et al. (1985) assessed pollution 
potential based on the attenuating ability of a soil for specific pesticides.
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They ranked pesticides according to the relative potential of each pesticide to 
reach the ground water once applied to the land surface. A pesticide with a 
higher attenuation factor (AF) had a lower potential to contaminate ground 
water. Nine factors were required to compute the AF, which was a site scale 
result. These were the time required for the pesticide to travel through the 
root zone and intermediate vadose zone, depth to the water table, volumetric 
soil-water content at field capacity, net recharge rate, soil bulk density, soil 
organic carbon, sorption coefficient of the pesticide on the soil, air-filled 
porosity of the soil, and Henry's constant for the pesticide.
The DRASTIC method for assessing pollution potential based on the 
hydrogeologic setting was developed by the National Water Well Association 
staff for the EPA in 1985 (EPA, 1985; Aller, et al., 1987). DRASTIC is an 
acronym formed by the first letter of each factor incorporated into the 
assessment procedure. Seven soil and aquifer properties - depth to water 
table, net recharge, aquifer media, slope, soil texture, impact of the vadose 
zone, and conductivity of the aquifer - were included in the DRASTIC 
assessment. The procedure was a numerical ranking system that involved 
weighting of factors, and rating of factors based on data ranges. Factor 
weights and ratings for given data ranges were compiled into tables and 
provided as a necessary part of the assessment procedure. Weights ranged 
from one to five, and ratings ranged from one to ten. Weights were 
determined by a committee of experts who used the Delphi approach, and
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changed as land use changed. The factor weights for each land use are 
shown in Table 3. The pollution potential, called the DRASTIC Index, was 
the sum of each factor's weighted ratings. The higher the numerical value of 
the index, the greater the pollution potential. The procedure was based on 
"measurable parameters for which data are generally available without 
detailed reconnaissance" (Aller, et al., 1987). The DRASTIC procedure was 
a regional scale assessment procedure intended to provide relative 
assessments only, and has been used to compare sites for susceptibility to 
contamination. The procedure is designed to be applied only to areas larger 
than  40.5 hectares (100 acres).
Table 3. Assigned W eights for DRASTIC Factors 
(Source: Aller, et al., 1987)
Factors
Weights by L an d  Use
General A gricu ltu ra l
Depth to Water Table 5 5
Net Recharge 4 4
Aquifer Media 3 3
Soil Media 2 5
Topography 1 3
Impact of Vadose Zone 5 4
Hydraulic Conductivity 
of Aquifer 3 2
A System for Early Evaluation of the Pollution Potential of Agricultural 
Groundwater Environments (SEEPPAGE) is a procedure for evaluating
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hydrogeologic conditions at a specific site. The procedure, considered a 
screening tool for assessing the ground water contamination potential 
associated with agricultural activities, was developed by the U. S. 
Department of Agriculture's Soil Conservation Service (Moore, 1988). The 
procedure built on three other pollution potential assessment procedures: 
DRASTIC, the LeGrand method, and the Wisconsin Geological and Natural 
History Survey. Seven key factors were considered in the assessment: 
horizontal distance between the site and the point of water use, land slope, 
depth to water table, vadose zone material, aquifer material, soil depth, and 
attenuation potential of the soil a t the site. Other factors were considered 
during the rating of the key factors. Weights were assigned to each factor, 
with the weights differing for diffuse and concentrated contaminant sources. 
Weighted factor values were summed to form a numerical rating called the 
Site Index Number (SIN). Although land use and contaminant characteristics 
were incorporated through the weighting of factors, the procedure is almost 
totally a vulnerability assessment based on existing data and field 
measurements. In 1992, a GIS-based version (using GRASS software) of 
SEEPPAGE was used by the Lebanon County Conservation District 
(Pennsylvania) to identify highly vulnerable areas (Richert, et al., 1992). Map 
output products were prepared for this project. However, field testing was 
not performed in either the initial procedure development stage or during the 
implementation project in Pennsylvania.
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A procedure developed by the University of Wisconsin, the University 
of Minnesota, and the EPA, FABM-A-SYST was designed to aid farmers in 
reviewing site and farm operations to assess the ground water contamination 
risk (Louisiana Cooperative Extension Service (LCES), 1994). Ten 
worksheets containing questions to answer and "fill in the blanks" guide the 
farmer's review of farm practices, structures, and soil and geologic features 
of the land. Findings of the site evaluation and assessment are combined in 
an overall evaluation worksheet to develop a relative risk rating and an 
action plan for the individual farmstead. The worksheets address water well 
conditions, pesticide storage and handling, fertilizer storage and handling, 
petroleum product storage, hazardous waste management, household 
wastewater treatm ent, livestock waste management, poultry litter and 
carcass management, site evaluation, and overall assessment. The farmer 
uses only the worksheets relevant for his/her farm operation. As many as 
ninety-five questions must be answered, providing requested information to 
complete each ranking. Offsite data sources, measurements, calculations, 
personal knowledge, and information provided in fact sheets are needed to 
respond to these questions. The procedure emphasizes contaminant sources, 
but also includes land use and site evaluations. The procedure is currently 
being implemented in a few states including Louisiana. The Louisiana 
project includes a benefit/cost evaluation of the program implementation. 
W ater quality sampling is not planned for this project.
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2.1.2 Computer-Assisted Procedures
Development of computer-assisted rather than manual procedures 
pollution potential assessment procedures began around 1990. Most recent 
procedures and their applications have built upon the DRASTIC Index to 
develop a computer-assisted assessment procedure. In many cases, 
implementation has been GIS-based. Four examples of DRASTIC-based 
assessment procedures, each developed since 1990, are described below.
A 1991 project in Texas combined DRASTIC, GIS and additional 
factors to produce an Agricultural Pollution Susceptibility Map for the entire 
state (Halliday and Wolfe, 1991). The project goal was to correlate nitrogen 
fertilizer usage with susceptibility of ground water to pollution. Factors 
added to the DRASTIC factors were cropping acreage and fertilizer use data 
for nine crops, major aquifer outcrop areas, and political boundaries. GRASS 
was the GIS software used in the project. The map output product was 
generated at a scale of 1:2,000,000, a scale at which spatial variability within 
a county was not discernable. Field testing of the results was not conducted.
A GIS-based approach to assessing pollution potential was also used 
by Evans and Myers (1990) in a southeastern Delaware project. This project 
combined a modified DRASTIC procedure with a land use pollution potential 
model. Three DRASTIC factors - net recharge, aquifer media, and impact of 
the vadose zone - were eliminated because of the relative uniformity in value 
of each factor across the study area. The project was regional in scale, and
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was designed to use commonly available data. Data requirements included 
transmissivity, elevation of the base of the unconfined aquifer, w ater table 
elevation, surface elevation, soil permeability, land use/cover, and sewer 
system service area. The needed data were not available and had to be 
derived from combinations of other data sources. Soil permeability values 
were manually extracted from a Soil Conservation Service (SCS) soils map 
and assigned to polygons in the GIS. ERDAS, a raster-based GIS software, 
was used in this project. Cell size was 0.4 hectares (one acre). Comparisons 
of risk categories to land use types were made and a Groundwater Pollution 
Risk Assessment map was produced. The procedure was not field tested.
A modified DRASTIC procedure developed for the State of Florida 
added specific details to characterize the four physiographic regions of the 
S tate (Hatchitt and Maddox, 1993). The project is currently ongoing, and 
vulnerability assessment and land use information are being combined to 
assess pollution potential. The vulnerability assessment is currently being 
performed manually, but future plans include the use of a personal computer 
with ARC/INFO software to access data for the assessment. Land use data 
are presently pc-based (IBM PC-XT). Aquifer vulnerability and land use 
pollution potential will be combined to produce aquifer vulnerability maps at 
a scale of 1:100,000. The maps generated from the assessment will be used 
to identify critical areas for designation as Very Intensively Studied Areas 
(VISA). The State's ground water quality monitoring network will be
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expanded in VISA areas and ground water sampling initiated to monitor for 
nitrates.
An ongoing ground water vulnerability mapping project is being 
conducted by the Wyoming W ater Research Center in conjunction with the 
Wyoming Department of Environmental Quality and EPA (North Carolina 
Cooperative Extensive Service (NCCES), 1993). A modified DRASTIC 
procedure is being combined with GIS to produce "vulnerability response 
units". A qualifying description of susceptibility of each unit will accompany 
the response units map. The vulnerability response units will be formed by 
combining information on unique hydrogeologic characteristics with aquifer 
composition, vadose zone composition, and aquifer conductivity data. The 
DRASTIC modifications planned include the addition of surface elevation, 
surface geology, and bedrock geology as factors influencing vulnerability, and 
elimination of the DRASTIC ratings and weights. Additional data will be 
required for the added factors. The current project in Goshen County was 
selected because of known nitrate contamination of ground water in the area, 
however, a state-wide product is ultimately planned. ARC/INFO software is 
being used with data a t a scale of 1:100,000. Further detail is not available 
a t this time because of the early development stage of the project.
Merchant (1994) cited many problems associated with DRASTIC and 
its derivatives, including data quality, factor interrelatedness, propagation 
of errors (especially when implemented in GIS), and the lack of field scale
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validation of the procedure. Thus, other computerized, non-DRASTIC based 
procedures have also been developed since 1990. Three of these are described 
below.
In the Contaminant Vulnerability Index, Lemme, et at. (1990) 
addressed both surface and aquifer vulnerability. An abbreviated form of the 
Universal Soil Loss Equation and soil survey data formed the basis of the 
surface vulnerability determination. Aquifer vulnerability was based on layer 
permeability (Lpd), surface organic m atter (Som), and surface soil profile 
thickness (St). The relationships of the three factors determine the 
vulnerability index (Vi) for an aquifer which is expressed as:
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Vi = 2.0 - [0.2666(Som)(St)] + I  0.0067 (Lpd) (2.1)
d=0
Vi could range from zero to ten. Data for the Vi computation were obtained 
from geologic well logs up to depths of 18.3 meters below the land surface, 
and from soil series data. ARC/INFO, a GIS software, was used for data 
analysis. A grid cell size of 402.4 meters (1/4 mile) was used in the analysis. 
Computer-generated maps of aquifer vulnerability classes were produced by 
using the SURFER software package, a non-GIS graphic software. The 
output map scale was 1:24,000. The results for the East Central South 
Dakota study area indicated several areas of high (Vi > 8.1) and medium (6.1 
< Vi < 8.0) vulnerability that the authors believed "could not have been 
identified using the soils information alone" (Lemme, et al., 1990).
The Pesticide User Management Planning System (PUMPS) (Pickus 
and Hewitt, 1992) integrates pesticide modeling techniques and GIS to assess 
ground water sensitivity to pesticide use. The PUMPS project is currently 
ongoing. Sussex County, Delaware has been designated as the study area for 
the currently ongoing project. Data layers for the procedure include: 1) 
precipitation, 2) soils, 3) chemicals data base, 4) land use, 5) ground water 
levels, 6) topography, 7) municipal wells, 8) evapotranspiration, and 9) 
hydrology. Soils attributes are being obtained in digital format from the Soil 
Conservation Service. GIS (ARC/INFO software) is being used for data 
integration and visualization. The minimum data resolution will equal that 
of the county soil survey maps. According to the PUMPS developers, "the 
county soil-series data layer provides a high-resolution framework th a t may 
form the basis for local scale assessment of groundwater sensitivity to 
pesticide leaching not previously demonstrated using other modeling 
methods" (Pickus and Hewitt, 1992).
An empirical vulnerability model was developed at Clemson University 
in South Carolina to assess susceptibility of ground water to nonpoint source 
agricultural chemical pollution (Christy, 1992). W ater well locations and 
their associated water quality data were mapped by using a raster-based GIS. 
The model was then developed from analysis of the sampling results from 
more than 200 water wells. The model required inputs of depth to bedrock, 
precipitation, potential evapotranspiration, runoff, land cover, bedrock
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geology, quaternary geology, and soils. SPANS and IDRISI were used to 
perform GIS functions while SAS was used for statistical analysis. The study 
area included nine counties of South Carolina's Piedmont region. A map 
showing regional ground water vulnerability was generated at a scale of 2.54 
centimeters (one inch) equals twenty kilometers.
Table 4 gives an overview of the pollution potential assessment 
procedures ju st discussed by showing key characteristics of each procedure. 
Included are key components addressed, procedure format, and the number 
of factors incorporated in the assessment procedure. The pre-1990 
procedures were consistently manual procedures. Components were 
contaminant characteristics (CC), land use (LU), and vulnerability 
assessment (VA). The procedures used a total of from four to forty-four 
factors in the assessment of pollution potential, with the average number of 
factors being eleven. The vulnerability assessment components required 
assessment of four to fourteen factors. More detailed information on each 
pollution potential assessment procedure's development and implementation 
is contained in Appendix A.
2.2 V ulnerability Assessm ent Procedures
Most procedures ju st described combined the vulnerability (site) 
assessment component with the contaminant characteristics or land use 
components to form a pollution potential assessment procedure. Six 
procedures combined land use and site assessment, and four combined
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Table 4. O verview  of Pollution Potential Assessm ent 
Procedures.
Procedure
Name
D ate Format Components
Total 
Number oj 
Factors
Number o f  
Vulnerability 
Factors
Landfill Site 
Rating
1964 M anual LU, VA , . . g _  , ... 8
Site Landfill 
Ranking System
1973 Manual cC , VA 15 9"
Soil-W aste- 
Interaction Matrix
197'/ Manual CC, VA 17 7
Surface
Im poundm ent
Assessm ent
1978 M anual CC, VA (for a 
specific 
land use)
14 9
Site Rating 
M ethodology
1980 M anual CC, LU, VA 31 6
Rrine Disposal 
M ethodology
1981 Manual LU, VA 
(for specific CC)
0 2
Hazard Ranking 
Svstem
1981 Manual CC, LU, VA 44 3
Pesticide Index 198 b Manual CC, VA 9 6
DRASTIC ' 1085 Manual VA (for a specific 
land use)
/ /
s e e p p a g e ...... 1988 Manual CC, LU, VA 12 11
Modi'f. DRASTIC 
(Texas)
1990 C IS -  Grass 
on Sun 386i
CC, LU, VA 10 8
M odif. D R A S ilC  
(Delaware)
1990 G lS -  £RDAS CC, LU, VA / 6
Contam inant
Vulnerability
Index
1990 GIS -  Arcj  
Info; Output: 
SURFER
LU, VA 9 3
(ground water 
com ponent onlv)
FARM-A-SYST 1990 Manual LU, VA 57 7
PUM PS 1992 GIS -- Arc'J 
Info
CC, LU, VA 18 14
Christv
Procedure
1992 SPANS
IDRISI
LU, VA 8 /
M odif. DRASl'lC  
(Florida)
1993 Manual 
(In process of 
converting to 
PC-based 
ARC/INFO)
LU, VA 9 8
M odif. DRASTlC  
(W yom ing)
1993 GIS -  Arc/ 
Info
VA 10 10
33
contaminant characteristics and site assessment. Six procedures contained 
all three components. Only the DRASTIC Index (EPA, 1985; Aller, et al., 
1987) and the Wyoming modified DRASTIC procedure (WDEQ, 1993) formed 
a stand-alone procedure for assessing vulnerability associated with the 
hydrogeological setting. DRASTIC is a manual procedure, while the 
Wyoming modification (its development currently on-going) is a  computer- 
assisted procedure. Because the vulnerability assessment component was 
always included in the pollution potential assessment procedure even when 
another component was excluded, it is the one component tha t can 
understandable be considered the most fundamental or foundational 
component for any assessment of pollution potential.
The vulnerability assessment (VA) components of the previously 
discussed procedures were examined in greater detail so that comparisons of 
the characteristics used in each procedure to convey information about site 
vulnerability could be made. Characteristics that were most relevant to 
development of a GIS-based VA procedure have been compiled in table format 
to facilitate discussions and comparisons. Characteristics summarized in 
Table 5 include vulnerability factors information1, number of datasets 
required, field testing, data scale or resolution, and output products. 
Discussions of each characteristic follow.
1 The VA Factors and the associated VA Factor Numbers are identified in 
Appendix A, Table 35.
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2.2.1 Format
The format of the vulnerability assessment procedures examined was 
either manual or computer-based (shown in Table 4). Procedures developed 
prior to 1990 were manual procedures tha t used computational formulas, 
tables or other manual compilation processes. Beginning in 1990, new 
procedures were almost totally developed for GIS (Evans and Myers, 1990; 
Lemme, et al., 1990; Halliday and Wolfe, 1991; Pickus and Hewitt, 1992; 
Christy, 1992; Richert, et al., 1992; NCCES, 1993). The only exceptions to 
this were the Florida system that was initially developed as a manual system 
with plans to convert to a personal computer-based GIS system (Hatchitt and 
Maddox, 1993) and the FARM-A-SYST program (LCES, 1994).
Software used for implementation of the GIS-based procedures has 
included GRASS, ERDAS, SPANS, IDRISI, and ARC/INFO. The 
Contaminant Vulnerability Index (Lemme, et al., 1990) used GIS software for 
data handling and analyses, but not for graphical output. The computer 
mapping software, SURFER, was used for graphical output.
Limited information is currently available about system hardware used 
for the GIS-based procedures. The Texas procedure (Halliday and Wolfe, 
1991) was developed on the Sun 386i workstation, and the Christy procedure 
used an IBM PS/2 Model 7 microcomputer. The Florida system (Hatchitt 
andMaddox, 1993) will be implemented on IBM PC-XT. Computer hardware 
used for other procedures is not presently known.
Table 5. Summary o f Select Vulnerability Assessm ent Procedures.
Procedure
Name
Number o f  
Vulnerability 
(VA) Factors
VA Factor 
Numbers
Number
o f
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
Landfill Site 
Rating
8 G l,  G2, G3, G10, 
G13, S I, S3, T4
5 * * Numerical
Rating
Site Landfill
Ranking
System
9 C2, G7, 0 1 ,  
0 2 ,  0 4 ,  0 5 ,  
S 4 .S 1 0 , T3
18 N o * Numerical
Rating
Soil-W aste- 
Interaction Matrix
7 C2, G l, G3, G14, 
0 1 0 , S3, S l l
* N o * Numerical Rating & 
Pollution Potential 
Class Designation
Surface
Impoundment
Assessm ent
9 G2, G5, G6, 
G9, G10, G13, 
G14, S I, S3
9 * * Alpha-numerical
Rating
Site Rating 
M ethodology
6 C l, G l,  G2, 
G4, S3, T3
6 * * Numerical Rating: 
Hazard Potential
Brine Disposal 
Methodology
2 G l 1, G12 8 N o * Numerical Rating
Hazard Ranking 
System
3 C l, G12, S3 3 * * Numerical Rating
Pesticide Index 6 C3, G l, 0 9 ,  
S5, S6, S7
* No * Numerical Rating
DRASTIC 7 C3, G l, G2, G9, 
G10, S I , T2
6 * 100 Acres (min. 
area applicable)
Numerical Rating: 
DRASTIC Index
SEEPPAGE 11 G l, G9, G10, 
0 1 0 , S 1 ,S 2 , S3, 
S4, S8, S9, T2
6 N o * Numerical Ratings: 
Site Index Number; 
Sensitivity Category
(table con'd.)
Procedure
Name
Number o f  
Vulnerability 
(VA) Factors
VA Factor 
Numbers
Number
of
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
Modified
DRASTIC
(Texas)
8 C3, G l, G2, 
G8, G9, 
G10, S I, T2
11 No Input: 1.6 M to 4.5 M 
Output: 1:2 M
Map: Agricultural 
Pollution 
Susceptibility
Modified
DRASTIC
(Delaware)
6 G l, G15, G16, 
S3, T l, T2
* No Grid Cell: 1 Acre Map: Groundwater 
Pollution Risk; Groundw, 
Pollut. Hazard Assessm.
Contaminant
Vulnerability
Index
3** S2, S3, S4 2** No Grid cell:
1/4 mi. 
Map: 1:24,000
Numerical Rating; 
Map: Vulnerability 
Index
FARM-A-SYST 7 G l, G10, 
SI, S2, 
S4, S8, S9
13 No * 10 Self-Assessment 
Worksheets; 7 Risk 
Rankings; Site Rankings
PUMPS 14 C l, C4, C 5,C 6, 
G l, SI, S3, S4, S6, 
S9, S12, S13, S14, Tl
14 * Input: 1:20,000 to 
to 125,000; 
Output: *
Numerical Score; 
Maps (planned)
Christy
Procedure
7 C l, C4, C5, G4, 
G5, G6, S13
20 No Output:
1 in.:20 km
Map: Ground Water 
Vulnerability Index
Modified
DRASTIC
(Florida)
8 C3, G l, G2, 
G2, G9, G10, 
S 1 ,T 2 ,T 4
7 P Output: 1:100,000 Map: Aquifer Vulner. 
by Water Mgt. District 
(proposed)
Modified
DRASTIC
(Wyoming)
10 C3, G l, G2, G5, 
G6, G9, G10, 
S I, S13, Tl
8 * Map: 1:100,000 Map: Vulnerability 
Response Units; (will 
include descript, o f  
susceptib. o f  each unit)
Information insufficient to determine. includes only the ground water component.
C o
0 3
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2.2.2 Factors
Unlike procedure format, the factors incorporated to form the different 
vulnerability assessment procedures were quite varied. Each procedure, with 
the exception of those that were modified versions of the DRASTIC procedure 
(Halliday and Wolfe, 1991; Evans and Myers, 1990; Hatchitt and Maddox, 
1993; NCCES, 1993), used a unique set of factors to describe the 
hydrogeological vulnerability. A total of forty-six individual factors were 
required for implementation of these procedures. The number of factors 
used in each procedure ranged from two to fourteen. The average number of 
factors was 7.5. The table in Appendix B lists all factors required for the VA 
procedures reviewed, with a factor identification number assigned to each.
The factors consistently fell into five categories: climate, geology, soil, 
topography, and other. Figure 1 shows the distribution of the forty-six 
factors among the five categories. Sixteen factors were identified in the 
geology category, while fourteen factors were identified in the soil category. 
These two categories, when combined, accounted for 65 percent of the total 
number of factors. The remaining factors were distributed among the 
topography, climate, or other categories.
The relative importance of each category to the vulnerability 
assessment process is better conveyed through the frequency of its factors' 
use rather tha t the actual number of factors identified. Figure 2 shows the 
frequency of use of all factors grouped by category. The geology factors were
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Topography 
9%
Climate
13%
Other
Geology 
35%
Figure 1. D istribution of Factors Among Categories.
used more frequently than other category factors while soil factors had the 
second highest frequency of use. Figure 2 shows the importance of the soil 
and geology factors was even greater than was indicated by the number of 
factors in these categories. The soil factors showed a gain of 3 percent in 
Figure 2 over Figure 1, increasing their share to 33 percent. The geology 
factors gained 6 percent, to account for 41 percent of the total. A total of 74 
percent of the influence on vulnerability was thus attributed to the soil and 
geology factors. The topography, climate, and other categories showed a 
decrease in relative importance, as evidenced by the nine percent decrease 
from Figure 1 to Figure 2 when the frequency of factor use was considered. 
While these three categories had many factors identified, those factors were 
infrequently used, with many of them used in one procedure only. 
Togethertheir relative importance was much less than tha t of the soil and 
geology factors (26 % versus 76 %).
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Topography 50/o
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F igure 2. Frequency o f Use of Factors Among Five
Frequency of use of individual factors also conveys important 
information about the vulnerability assessment process. Figures 3 - 6  show 
the frequency distributions of individual factors by category. Only four 
factors were used by at least 40 percent of the vulnerability assessment 
procedures. These were: depth to ground water (66.6%), soil permeability 
(50%), soil texture (50%), and vadose zone geology (40%). Thirty-one of the 
factors were used in only one or two procedures (twelve percent of the time).
2.2.3 D atasets
The characteristic of a vulnerability assessment procedure tha t most 
reflects the complexity of procedure implementation is the number of datasets 
or m easurements required to arrive at the factor determination or valuation. 
The number of datasets required for the vulnerability assessment procedures 
described ranged from two to twenty. The Contaminant Vulnerability Index
Categories.
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Figure 3. Clim ate Factors Used in  the Vulnerability  
A ssessm ent Procedures.
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Figure 4. Geology Factors Used in  the Vulnerability  
Assessm ent Procedures.
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Soil Factors
Figure 5. Soil Factors Used in  the V ulnerability Assessm ent 
Procedures.
Topographic and O ther Factors
Figure 6. Topography and Other Factors Used in  the  
Vulnerability A ssessm ent Procedures.
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(Lemme, et al., 1990) required only two datasets because its factors were soil- 
based factors whose valuation was achievable through the Soil Conservation 
Service soil surveys. An additional data source was required for this 
procedure to provide layered permeability below the depth of the soil survey 
information. Fifteen of the eighteen procedures required computation of one 
or more VA factors, and a t least fourteen procedures required field 
measurements to obtain factor values. When computations or field 
m easurements were required, the number of required datasets usually 
exceeded the number of factors.
2.2.4 Data R eliability
Data reliability is a particularly important consideration when 
implementing a GIS-based vulnerability assessment procedure. It impacts 
procedure accuracy and precision through many aspects, including age of 
data, areal coverage, scale (or resolution), density of observations, relevance, 
data  format, accessibility, cost, positional accuracy, accuracy of content, 
observer bias, natural variation, and data entry and processing errors 
(Burrough, 1986). Details about most of these were not available for the 
procedures reviewed. Two aspects for which information was given were 
scale and resolution.
2.2.4.1 Scale
Scale refers to the ratio of the spatial distance between two objects on 
a map as compared to the actual distance between these same two objects as
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measured on the earth's surface. Data scale indicates the amount of detail 
th a t is discernable in a dataset. A map scale of 1:24,000 provides much 
greater detail than does a map scale of 1:250,000.
Combining data of differing scales lowers procedure precision and leads 
to problems in interpreting results. The smaller scale dataset dictates the 
scale at which results are reliable. All analysis and results m ust be at the 
scale of the least detailed dataset, or else data interpretation is required to 
take the lesser detailed data to the scale of the more detailed data, which 
introduces opportunity for error. Merchant (1994) believed combining data 
of different scales produces multiplication of errors beyond those inherent in 
each dataset. As a consequence, he feels it is better to use the minimum 
possible number of datasets to help avoid multiplication of errors.
Only two procedures provided sufficient information about input data 
to assess procedure precision from the perspective of scale. In the Texas VA 
procedure (Halliday and Wolfe, 1991), input data had scales ranging from 
1:1.6 million up to 1:4.5 million. The output products were produced at a 
scale of 1:2 million, indicating that considerable data interpretation was 
necessary to bring the 1:4.5 million dataset(s) to the larger scale. The 
PUMPS procedures (Pickus and Hewitt, 1992), likewise, had a wide scale 
range for input data, ranging from 1:20,000 up to 1:125,000. The scale at 
which the PUMPS output products were generated was not discernable from 
the procedure review. In both cases, output product reliability is
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questionable because of the extensive data interpretation required between 
data layers.
2.2.4.2 R esolution
Resolution indicates the level of spatial detail discernable for an object 
(Campbell, 1987). It is important in the handling of aerial or remotely sensed 
data, and in rasterized processing of map data. Raster-type data are obtained 
when a grid network is overlain a map or remotely sensed image. Only one 
value or data  point is recognized for each grid cell, and becomes 
representative of all space within the cell. If differing features occur within 
the same grid cell, the dominating or representative feature value will be 
chosen. Figure 7 illustrates this point by comparing raster and vector data. 
Notice tha t the vector data provide a more realistic representation of spatial 
features than does raster data.
Only three procedures - DRASTIC, the Delaware Modified DRASTIC 
procedure, and the Contaminant Vulnerability Index - clearly indicated the 
use of raster processing and/or reported grid cell size. The Contaminant 
Vulnerability Index had a grid cell size of 402.4 meters .(1/4 mile) on each side 
(Lemme, et al., 1990). This means objects or features of interest smaller than
16.2 hectares (40 acres) in size were not discernable unless that feature was 
the dominant feature of the grid cell. The DRASTIC procedure (EPA, 1985) 
did not report input data resolution, but did alert users that the procedure's 
results were not valid for areas smaller than 40.5 hectares (100 acres). The
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Figure 7. Examples o f Geographical Data and How They 
Would Appear in Raster-type GIS Processing.
Delaware Modified DRASTIC procedure (Evans and Myers, 1990) was
implemented with large scale data, and therefore, reported valid procedure
results to be valid at a resolution of 0.4 hectare (1 acre).
Project scale and data scale or resolution are not necessarily 
interconnected. Data at a scale or resolution coarser than the project scale 
would not provide the information needed for the project. An input data 
resolution of 40.5 hectares (100 acres) would be acceptable only for regional 
scale projects. Local scale projects could be implemented with 16.2-hectares 
(40-acres) resolution input data, but would be better implemented with 
smaller resolution data (much less than 16.2 hectares). The 0.4 hectare (one 
acre) resolution data as used in the Delaware procedure (Evans and Myers, 
1990) would be suitable for either local scale or site-specific assessments.
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Understandably, the volume of data required for implementation of a project, 
if 0.4 hectare resolution data is used, could be quite large, especially if a 
number of factors are examined.
2.2.5 Output Products
The nature of the vulnerability assessment procedure output(s) also 
impacts the precision of the procedure, and helps determine the usefulness 
of its results. The outputs of the early manual procedures were either 
numerical or alpha-numerical ratings (see Tables 4 and 5). Numerical 
ratings were generally a single value that was relatively easy to understand 
but not easy to apply because of the limited spatial information. The spatial 
area of applicability was not always clearly understood. Multi-valued ratings, 
such as the Landfill Site Rating (EPA, 1978), led to highly subjective 
interpretation of results because each user was left without guidance as to 
how to interpret or apply the results. Many of the GIS-based procedures 
provided not only a vulnerability determination, but also a graphical 
presentation of results (Halliday and Wolfe, 1991; Evans and Myers, 1990; 
Lemme, et al., 1990; Pickus and Hewitt, 1992; NCCES, 1993). The area of 
applicability for the GIS-based procedures was clearly seen (when map 
products were generated as part of the project), but results had to be 
cautiously interpreted, keeping in mind the scale and resolution of the input 
data and the output products.
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2.2.6 F ield  Testing
Field testing is another important way to check the procedure's 
reliability, and consistency in representing the true vulnerability to 
contamination. By comparing observed hydrogeological and ground water 
quality conditions with procedure results, the person interpreting the results 
would expect contamination to be observed at highly vulnerable sites if a 
contaminant is present and if there has been opportunity for the contaminant 
to enter the ground water.
The status of field testing for the procedures reviewed was noted in 
Table 5. Insufficient information was available to determine the field testing 
status for seven of the reviewed procedures. For the remaining procedures, 
field testing was not conducted. Only the Florida procedure (Hatchitt and 
Maddox, 1993) included plans for conducting field testing. The Christy 
procedure (1992) used historical records of ground water quality to develop 
the assessment procedure. Vulnerable areas were delineated as those areas 
where contaminants were observed. Then GIS was used to combine other 
datasets in an attem pt to identify the most likely contributing factors.
2.2.7 Summary
Procedure implementation, accuracy and precision are always 
important issues to consider prior to applying a particular procedure to an 
assessment problem. The characteristics examined have helped bring these 
issues into focus. All procedures reviewed appeared to be well defined in
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term s of the implementation process. They were, however, quite varied in 
their approach to assessing reliability of input data and output products, 
therefore, many questions arise concerning the procedure's accuracy or its 
applicability to GIS implementation. Finally, the general lack of field testing 
to verify results is a serious deficit of existing procedures.
CHAPTER 3 
VULNERABILITY ASSESSMENT PROCEDURE
3.0 Introduction
The first objective of this research - to develop a GIS-based 
vulnerability assessment procedure (VA) - was initiated with the desire to 
develop the procedure in such a way that many of the problems noted with 
existing procedures could be avoided. Also desirable, although of secondary 
emphasis, was the development of a procedure that would more concisely 
represent the environmental processes at work to influence shallow ground 
water's vulnerability to contamination from agricultural activities.
This first objective was met through the identification and performance 
of nine specific research tasks. Appendix C contains a listing of these and all 
other tasks required to meet each of the project's six objectives. A discussion 
of the step by step process for developing the VA procedure follows.
3.1 Procedure Requirem ents and Assum ptions
Theoretical development of the VA procedure first required the 
identification of criteria and assumptions tha t would define the framework 
and limits within which the procedure would operate (Task 1.1). As a result, 
seven requirements and nine assumptions were specified.
Design criteria and expectations of the procedure defined requirements 
of the procedure. Thus, the procedure should:
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1. be implementable on the GIS software and hardware available at 
LSU;
2. utilize a minimum number of VA parameters, limiting them to 
those parameters tha t most concisely represent the environment 
being studied;
3. have minimal data requirements;
4. be implemented by using data that is readily available, relatively 
simple to input, and relatively invariant with time;
5. be local in scale, to provide easy and reliable interpretation at the 
parish, community, and farm level;
6. be automated to the maximum extent achievable; and
7. yield results that sufficiently approximate or predict ground water 
quality conditions observed in the study area.
These requirements were specified to assure the procedure developed would 
overcome the problems identified in previous VA procedures. They guided 
procedure development, and formed the foundation upon which the 
procedure's performance was evaluated. Further clarification of requirements 
such as "reasonably accurate", "local in scale", and "readily available" were 
more narrowly defined as procedure implementation progressed.
Theoretical assumptions about the environmental processes governing 
shallow ground water's vulnerability to contamination and about special
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considerations relevant to the area being studied were also stated prior to 
procedure development. These assumptions are listed below.
1. Shallow ground water's vulnerability to contamination varies over 
geographical space.
2. Principles of physical, chemical, and biological processes governing 
the spatial variability of this vulnerability is adequately 
understood (although the current level of understanding of these 
processes varies and may be increased with time).
3. A discrete number of factors can be identified that will adequately 
define ground water's vulnerability to contamination2.
4. Vulnerability can be defined in terms of two key phenomena: fluid 
flow and the ability of a soil to attenuate a chemical/contaminant.
5. The flow path from the soil surface to the water table is continuous 
and vertical.
6. Fluid flow and soil attenuating ability can be adequately expressed 
for a general chemical/contaminant, thus allowing the 
identification of vulnerability factors independently of the specific 
chemical/contaminant present in solution.
7. The three-dimensional nature of vulnerability can be adequately 
represented as a two-dimensional problem within a GIS.
2
For this research, "adequately" will mean that 80 percent of the time the 
factors identified will account for all nitrate occurrences, leading to correct 
identification and classification of a site according to its "true" vulnerability.
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8. GIS is a two-dimensional spatial analysis tool tha t can be applied 
to vulnerability assessment.
9. Shallow aquifers are defined as those first encountered a t a depth 
of less than 30.5 meters below the land surface (their greatest 
depths are not important), and are assumed to be unconfined.
Appendix D contains a discussion of and justification for these assumptions.
3.2 V u ln erab ility  F a c to rs
The key question answered in beginning the development of the 
assessment procedure was "What spatially distributed environmental 
parameters influence shallow ground water's vulnerability to contamination?" 
The identification of these parameters (synonymous with factors) was made 
from a search of existing literature since it was assumed that environmental 
processes were already understood and key factors influencing vulnerability 
were already known. Historical records (water quality monitoring and 
others), and reports of vulnerability assessment investigations published in 
scientific literature (discussed in Chapter 2) provided the information needed 
for factor selection. Quantification of the range of influence for each factor 
was also achieved through use of existing literature.
3.2.1 F a c to r  S election
Model development required selection of key factors that are 
representative of a site and convey its vulnerability to shallow ground water 
contamination. Factors of interest were those that facilitate contaminant
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entry into and movement through the soil profile downward to the water 
table, and those that indicate the subsurface environment's ability to retain, 
modify, decompose, adsorb or otherwise alter a contaminant and minimize or 
prevent its entering the ground water. Also important in the selection 
process were the availability of data for the factors incorporated, and the 
mapability of these factors, since GIS implementation was a prerequisite of 
the procedure.
Examination of the individual factors used in earlier procedures (Task 
1.2) was helpful in the selection of factors for inclusion in the VA procedure. 
The frequency of use for the forty-six individual factors identified in Chapter 
2 conveys the perceived importance of these factors (Task 1.3). Figure 8 
shows the most frequently used factors and their frequency of use. Shown 
are all factors used in four or more procedures that have a frequency of use 
of a t least 22 percent. These were: precipitation (Cl), net recharge (C3), 
depth to ground water or water table (Gl), hydraulic conductivity of the 
aquifer (G2), aquifer composition (G9), vadose zone composition (G10), soil 
texture (SI), soil permeability (S3), and soil organic m atter (S4). Factors are 
labeled with the VA Factor Number given in parenthesis (and also in 
Appendix B). Only three factors - soil texture, soil permeability and depth to 
ground water - had a frequency of use of at least 50 percent.
The examination of previously used factors indicated tha t primary 
emphasis had been placed on soil and geology factors, with 74 percent of the
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Figure 8. Factors Used Most Frequently in Reviewed  
Vulnerability Assessm ent Procedures.
influence on vulnerability attributed to these factors. A review of Figure 3
(Chapter 2) reemphasizes this point. Other factors expressing topographic
and climatic influences were included in earlier procedures, but at a much
less significant level. Of the nine factors used most frequently in prior
procedures, eight were factors that directly impact fluid movement. Only soil
organic matter and soil texture convey any information about the attenuating
ability of the site. This indicates an obvious deficit in the factor selection
process of prior procedures.
Also excluded from consideration in prior procedures were biological 
processes. Biological processes, not directly addressed in any of the 
procedures reviewed, can impact fluid flow and contribute to contaminant 
attenuation in the subsurface environment. Microbes present in the 
subsurface environment may actively consume or alter a contaminant. For 
example, when nitrogen compounds are in the soil solution and nitrobacteria
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are present, these bacteria convert the compounds to nitrate nitrogen, which 
can be consumed by the bacteria for energy or can be adsorbed by plants as 
a nutrient. "Bacterial densities around 106 organisms/gram dry soil have 
been found in several uncontaminated aquifers (Barcelona, et al., 1990)." 
According to Wilson, et al. (1985), an active microbial population of this 
density is ample to biodegrade organic pollutants, provided typical 
environmental conditions for the organisms are present. In situations where 
natural organisms are insufficient to biodegrade contaminants, enhancement 
of natural organisms has been made for in-situ treatm ent of contaminated 
soils and ground water. Because the impact of subsurface biological processes 
upon vulnerability can be significant, the processes need to be incorporated 
in the vulnerability assessment process. While it may be very difficult to 
incorporate into the procedure an actual measure of biological activity, the 
incorporation of factors th a t facilitate biological activity can be made.
Ten factors were selected for inclusion in the VA procedure (Task 1.5), 
five expressing the attenuating ability of the soil and five expressing fluid 
mobility in the surface/subsurface environment. Factors selected were: 
surface permeability, subsurface permeability, depth to water table, slope, pH 
of the soil, percent clay in the soil, the shrink/swell potential of the clays, 
percent of organic m atter in the soil, frequency of surface flooding, and soil 
texture. It was assumed tha t one hundred percent of a site's vulnerability 
could be explained through these factors.
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Five factors - surface permeability (Ps), subsurface permeability (Pss), 
depth to the water table (WT), frequency of flooding (FI), and land surface 
slope (SI) - were selected because of their direct influence upon fluid 
movement into and through the subsurface. Permeability was subdivided 
into surface and subsurface components to allow for the different influences 
they have upon fluid flow. Surface permeability, defined as the permeability 
of the upper one meter of the soil profile (approximately the rooting zone of 
plants), controls infiltration as well as influences flow velocity into and 
through the subsurface. Subsurface permeability (from one m eter to the 
bottom of the soil profile) impacts flow velocity. The term permeability in the 
SCS soils database is not true permeability but is actually hydraulic 
conductivity, or the rate of fluid movement (length/time). Depth to the water 
table controls the hydraulic gradient, and influences flow velocity. Frequency 
of flooding also impacts hydraulic gradient, conveying both flow length and 
hydraulic head information. Slope influences infiltration potential.
Attenuation factors chosen for inclusion were soil texture (TX), percent 
clay content of the soil (Cl), the shrink/swell potential of the clays (SS), 
percent organic m atter in the soils (OM), and pH of the soil (pH). These 
factors each contribute to the attenuation of a contaminant in different ways. 
Soil texture and percent clay convey information about the amount of soil 
particle surface area available for adsorption of a contaminant. Since clay 
particles have far greater surface area per unit mass than other soil particles,
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and are most active in physico-chemical processes (Hillel, 1982), the percent 
of clay contained in a soil is a particularly important factor in attenuation 
processes. The shrink/swell potential of clays provides additional information 
about the particle's ability to adsorb and react with the fluid. Percent organic 
m atter is particularly influential in determining the soil's ability to adsorb 
contaminants, and contributes to biological activity, serving as a nutrient for 
microorganisms. Soil pH enhances or impedes biological activity which, in 
turn, is an important factor in contaminant reduction or alteration.
All attenuation factors impact fluid flow, some more strongly than 
others. Soil texture, percent clay and percent organic m atter control soil 
porosity (which directly impacts flow via hydraulic conductivity and flow path 
length), and fluid volumes that can move through the soil profile within a 
given time. The shrink/swell (S/S) potential of clays can greatly impact flow. 
In a swollen state, S/S clays expand, causing reduction in porosity and 
possible blockage of flow paths. In the shrunken state, these clays can pull 
apart, creating cracks tha t will greatly enhance flow by creating enlarged, 
straightened (shorter) flow paths.
Through their evolution, soils are a surface manifestation of local 
geology (which serves as parent m aterial for soils), of local climatic and 
hydrologic conditions, of land surface geomorphology, and of plant and animal 
activities (Brady, 1974). Soils depict the processes internal to the physical 
setting, and influence or control fluid flow that will occur into and through
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the subsurface. They also provide most contaminant attenuation capability 
within the subsurface environment (Krenkel and Novotny, 1980), and can be 
used to estimate the spatial distribution of contamination risks within an 
area. For these reasons, the decision was made to base the VA procedure on 
soils data. Specifically, the detailed soil survey data, published by the United 
States Department of Agriculture, Natural Resources Conservation Service 
(NRCS) (formerly Soil Conservation Service), were selected as the data source 
for the procedure's development. Data contained in a soil survey includes 
maps of soil delineations (by soil type), descriptive information on the 
evolution of soils, site characteristics (including physical, chemical, and 
engineering properties of soils), and soils management information. In 
addition, the surveys contain data for the factors most frequently used in 
prior VA procedures.
3.2.2 Factor Rating
Factor rating involved determining the degree of vulnerability 
associated with each possible value of each selected factor (Task 1.6). Once 
factors were selected, the ranges of factor values were determined. Ratings 
from one to ten were assigned to all factor values, with a value of ten 
indicating the greatest likelihood of contamination occurring. Wherever 
possible, published opinions were used in rating the factors.
The ratings assigned for each of the ten VA factors are given in 
Appendix E. Each factor has a Factor Rating Table showing the range of
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values for that factor and the vulnerability rating for each value. Five rating 
tables were taken directly from published sources. The other tables are 
composites of opinions on the importance of factor values on flow and 
attenuation of contaminants (Novotny and Gordon, 1981; Aller, et al., 1987; 
Boniol, et al., 1988; USDA-SCS, 1990; Hassett and Banwart, 1992).
3.3 Individual Factor Influences
The relationship of the individual vulnerability factors to the total 
hydrogeological vulnerability were defined next. This required the ranking 
of individual factors relative to each other, and the quantification of the 
degree of influence each factor has in determining site vulnerability.
3.3.1 Factor Ranking
Factors were first grouped according to the area of influence they exert, 
whether ground water flow (Flow Component) or contaminant attenuation 
(Attenuation Component). This was done during the factor selection process 
to assure that adequate representation of each component was incorporated. 
Next factors within each component were ranked (Task 1.7) to show the 
relative influence assigned to each factor on ground water vulnerability. 
Reports from existing literature were used to help determine the ranking. 
Factors were ranked from greatest influence on vulnerability to lowest 
influence.
The hydrologic factors were ranked as follows: Ps, Pss, SI, WT, and FI. 
Ps and Pss have strong, direct influence on fluid flow, as evidenced by the
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flow velocity equation3. Higher ranking was given to Ps because of its added 
contribution to controlling infiltration under saturated conditions. Surface 
slope (SI) influences and partially regulates the amount of infiltration, and 
as a result, impacts flow through the hydraulic gradient. WT is also a 
component of the hydraulic gradient, thus having important direct influence 
over flow. SI was given a higher rank than WT because of its regulating 
contribution to infiltration (i.e. without infiltrating water, WT would be a 
meaningless issue). FI, which communicates the range of depth to water 
table, was assigned the lowest ranking. In cases where the water table is at 
or very near the land surface for significant parts of the year, extra 
consideration might need to be given to the FI factor because of the potential 
for direct, or almost direct, contact between the ground w ater and 
contaminant.
The order of ranking for the attenuating factors (from highest to 
lowest) was: Cl, OM, TX, pH, S/S. CL and OM directly impact attenuating 
ability and indirectly impact fluid flow, and were, therefore, ranked highest 
of the attenuation factors. Together they account for most of the adsorptive 
capacity of the soil profile. OM also serves as an essential nutrient source for 
soil micro-organisms. TX indirectly impacts flow and attenuation. The pH 
factor was included to provide information about biological activity, although
3 Velocity (v) = Hydraulic Conductivity (K(0)) * Hydraulic Gradient (i) where 
K(0) is, for this project, considered synonymous with the Ps and P ss terms.
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indirectly, by communicating the potential for activity. The pH factor was 
given a higher rank than the S/S factor to help convey the importance of 
biological activity in the attenuation process. S/S was given the lowest rank 
because it has limited impact on attenuation, and sometimes impacts flow. 
Although its impact on flow can sometimes be significant, S/S was also given 
the lowest rank because its impact on vulnerability is less than the influence 
of other factors, which are always impacting vulnerability.
3.3.2 Factor W eighting
Factors were next weighted to convey the magnitude of each factor's 
contribution to the vulnerability assessment process. A two-stepped approach 
to the weighting was followed. First, component weights were determined, 
then these weights were distributed among individual factors within each 
component. The weights for all factors totalled 100 percent, to indicate that 
all primary influences on site vulnerability were taken into account.
3.3.2.1 Component W eights
Initially weights were assigned to the flow and attenuation components 
to reflect the degree of influence that would be allotted to each. Two key 
issues were considered when deciding weights for the two components. 
Considered were: 1) the relationship between components, and 2) prior 
history of component allotment in other procedures.
The flow and attenuation components are interrelated, with one 
component changing in response to changes in the other component. The
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direction and magnitude of change are, however, not the same for each 
component and every circumstance. Moisture conditions of the soil strongly 
influence the nature of the relationship between the components. When going 
from a dry to wet state, the subsurface processes of flow and attenuation will 
both initially increase (although at differing rates). Once "stabilized" moist or 
saturated conditions are reached, the relationship shifts, and the components 
become inversely related (that is, as one component is enhanced, the other is 
decreased). Regardless of the direction of the relationship, the dominant 
component is the flow component. Flow strongly impacts attenuation, at time 
to the point of exerting some control over the process. The attenuation 
process, on the other hand, minimally impacts flow.
Component weighting in prior procedures was determined from 
information contained in Chapter 2. The most frequently used factors were 
grouped into either flow or attenuation components to indicate a 7 to 2 
distribution of factors between flow and attenuation components. This 
distribution translates to a ratio of 3.5:1 for the fluid flow component to 
attenuation component. When considering the frequency of factor use, a ratio 
of 3.64:1 is determined.
Following a similar pattern to that observed in prior procedures and 
maintaining an inversely, but unequally paired relationship between flow and 
attenuation components, a ratio of 1.875:1 was used to express the relative 
importance of the flow component over the attenuation component. This
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assignment gave more emphasis on attenuation than had been given in prior 
procedures, while maintaining the greater emphasis on the flow component.
3.3.2.2 Individual Factor W eights
After the factors were ranked by their influences on the component, 
they were then weighted. The distribution followed the ranking presented in 
the previous section. The factors having a higher rank were given a larger 
percentage of the component's weight.
Factors were subjectively assigned weights th a t reflected the degree 
of influence each factor was believed to have on site vulnerability (Task 1.8). 
The assignment of factor weights incorporated published opinions whenever 
these could be found, but for the most part, had to be subjectively made. 
Factors, listed in order of their perceived importance, are shown in Table 6 
along with the weights assigned to each.
Flow factors received sixty-five percent of the vulnerability weighting. 
Ps and Pss were weighted approximately equal, with Ps receiving a slightly 
larger share of the weight. They were considered to be the most influential 
flow factors, and were, therefore, weighted more than other flow factors. 
Weights assigned were 22. 75 percent for Ps and 19.5 percent for Pss. SI was 
weighted at 11.7 percent to express the next greatest influence over fluid 
flow. The two remaining factors, WT and FI, were considered to be 
approximately equal in combined influence to SI. Thus the remaining 11.5 
percent was distributed between WT and FL. More weight was given to WT
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Table 6. V ulnerability A ssessm ent Factors and Their Weights.
Factor
In d ividu a l
Factor
Weight
Com ponent
W eight
Hydrologic Factors
Permeability of 
Surface (Ps) 0.2275
Permeability of 
Subsurface (Pss) 0.195
0.65
Slope (SI) 0.1170
Depth to Water 
Table (WT) 0.065
Frequency of Surface 
Flooding (FI) 0.0455
Attenuating Factors
Percent Clay in Soil (Cl) 0.1225
Percent Organic Matter 
in Soil (OM) 0.1225
0.35
Soil Texture (TX) 0.0525
Soil pH (pH) 0.035
Shrink/Swell Potential 
of Clays (Cl) 0.0175
because of the direct influence it exerts on flow under all situations as 
opposed to FI's influence only under special situations. Weights given were 
0.065 percent for WT and 0.045 percent for FI.
Attenuation factors received thirty-five percent of the vulnerability 
weighting. Cl and OM were considered equally important in the attenuation 
process, and were assigned equal weights. Because of their importance, a
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majority of the attenuation weight was assigned to them. A weight of 12.25 
percent was assigned to each of these factors. TX was assigned a weight of 
5.25 percent since it exhibits limited influence over the attenuation 
component and indirect influence over flow. The pH factor was weighted 
similarly to, but slightly less than, TX because it only indirectly influences 
vulnerability, impacting attenuation only. The weight for pH was designated 
as 3.5 percent. S/S was given a weight of 1.75 percent, the lowest weight of 
all attenuation factors, because it has limited influence over vulnerability.
3.4 Vulnerability Index
An expression for area vulnerability, called the Vulnerability Index 
(VI), was formulated to reflect the total influence of all factors on 
vulnerability (Task 1.9). It was the result of combining all weighted 
individual factor influences. The VI was calculated by first multiplying each 
individual factor rating by its factor weight, and then summing all resulting 
products. The resulting expression is:
VI = 0.1225 Cl + 0.1225 OM + 0.0525 TX + 0.035 pH (3.1)
+ 0.0175 S/S + 0.2275 Ps + 0.195 Pss + 0.1170 SI 
+ 0.065 WT + 0.0455 FI
The VI yields one numerical value expressive of the vulnerability at one point
in space. A resultant VI would be a number between one and ten.
Taking a hypothetical site located on a Tangi soil as an example, 
values for each of the ten VA factors were obtained from a detailed soils 
database (USDA, 1990). The database information for each factor is given in
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Table 7. Data present in the table are typical of the detailed soils survey 
data. Note tha t some factors are depth-dependent, and some have a range 
of values given for the different depth ranges.
Table 7. Tangi Soil Factor Data.
D epth P ercentClay
Shrink-
Sw ell
P o ten tia l
P erm eability
(Inches/hour) p H
0-4
4-25
25-48
48-65
2-12
18-30
20-35
35-55
low
low
low
moderate
0.6-2.0 
0.6-2.0 
0.06-0.2 
<0.06
4.5-6
4.5-6
4.5-6
4.5-6
P ercen t
Slope
Surface
Flooding
Soil
Texture
D epth to 
W ater Table, 
(feet)
P ercen t
O rganic
M atter
1-3 None Clay Loam 1.5-3.0 0.5-4.0
Special handling of depth-dependent data was required. A 
representative value for percent clay, shrink-swell potential, permeability 
(surface and subsurface), and pH had to be determined. Ps and Pss were 
determined by using the layered hydraulic conductivity equation. Other 
depth-dependent factors were assigned a weighted average value (weighted 
by depth). Table 8 gives the results of intermediate calculations and value 
determinations for all factors. Weighted average values for depth-dependent 
factors are indicated in the table by an asterisk (*)• A rating was obtained 
for each factor by using the factor value (or weighted average value) to enter 
the appropriate rating table in Appendix E, and selecting the corresponding
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Table 8. Information Needed for V ulnerability Index  
Calculation.
F actor F actorValue
V ulnerability  
R atin g  (VR)
F actor
W eight
W eighted
VR
Permeability 
of Surface (Ps) 1.14* 5 0.2275 1.14
Permeability 
of Subsurface
( P s s )
0.43* 4 0.195 0.78
Slope (SI) 2 9 0.117 1.5
Depth to 
W ater Table 
(WT)
2.25 10 0.065 0.65
Frequency of 
Flooding (FI) none 1 0.0455 0.05
Percent Clay 
in Soil (Cl) 29.7* 2 0.1225 0.25
Percent 
Organic 
M atter in Soil 
(OM)
2.25 7 0.1225 0.86
Soil Texture 
(TX)
clay
loam 3 0.0525 0.16
Soil pH (pH) 5.25* 4 0.035 0.14
Shrink/Swell 
Potential of 
Clays (Cl)
low* 3 0.0175 0.05
vulnerability rating. In the case of the S/S factor, an average vulnerability 
rating was determined by replacing the value for each depth zone with the 
vulnerability rating value, and then weighting these values by depth to 
determine a resultant vulnerability rating. Next the vulnerability rating was
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multiplied by the factor weight td determine the weighted vulnerability 
rating. The sum of all weighted vulnerability ratings resulted in a 
Vulnerability Index ( VITa ) of 5.13 for this site. This VITa for the Tangi soil 
indicates th a t the soil is moderately vulnerable, being almost an equal 
distance between the least vulnerable (VI=1) and the most vulnerable (VI=10) 
soil.
CHAPTER 4 
GIS PROCEDURE 
4.0 Introduction
The procedure developed for assessing ground water vulnerability was 
designed to be implemented on a Geographic Information System (GIS). 
Implementation required access to a GIS and availability of the data 
necessary for implementing the procedure. In addition, a study area had to 
be identified and necessary data gathered before GIS implementation could 
begin. Details of the GIS-based procedure implementation follow.
4.1 GIS System
Implementation of the vulnerability assessment procedure was 
accomplished using the Intergraph MicroStation GIS software and relevant 
hardware available a t Louisiana State University (LSU).
An Intergraph InterPro 2000 workstation, housed in the Department 
of Biological and Agricultural Engineering (BAE) on LSU's Baton Rouge 
campus, was used for implementation. The workstation setup consisted of an 
Intergraph 48.26 centimeters (19 inches) color monitor, the InterPro 2000 
base unit, a Turq/Ruby keyboard, a three-button mouse, a one gigabyte 
external hard disk drive, and an Intergraph Laser Printer 811. The 
workstation had more than 16 megabytes of system memory.
Software required for performance of the various GIS operations 
needed for this project included Clipper UNIX (CLIX 6.3) System Software,
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MicroStation GIS Environment (MGE) version 5.0, and MicroStation GIS 
Analyst (MGA) version 5.0. Oracle, a relational database, version 6 was used 
to store data and query the different datasets. Other related software were 
also required for performing many GIS functions necessary for project 
implementation. All software required and the software version numbers are 
listed in Appendix F.
The workstation, although operated as a stand-alone system, was also 
linked to other LSU computing facilities. Other Intergraph products were 
accessible via the File Management Utility (FMU), an extensive campus-wide 
network linking all Intergraph equipment. Non-Intergraph facilities were 
accessible through File Transfer Process (FTP). Networking provided 
retrieval of existing graphical data, facilitated data entry, provided map 
plotting capabilities, and accommodated project back-up, all of which required 
access to additional hardware and software beyond those available at BAE. 
Input of map data required the use of the Intergraph InterAct 220 
workstation with attached digitizing tablet located in the Agricultural 
Economics Geographic Information Systems (AEGIS) Laboratory at LSU. 
Color map output products required the use of the 7580B Hewlitt-Packard 
Pen Plotter, located in the Computer Aided Design and Geographic 
Information Systems (CADGIS) Laboratory. Project back-up was achieved by 
using FMU to access a remote tape drive to store both graphical and database 
information on an 8 millimeter, 5.0 gigabyte Helical-Scan Data Cartridge.
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4.2 Study Area
The selection of a study area was necessary before project 
implementation could proceed. Considered in the selection were accessibility 
of the area, availability of existing data for the area, and predominance of 
agricultural activities within the area.
4.2.1 Selection
The study area chosen for the implementation and field evaluation of 
the vulnerability assessment procedure was the Big Creek watershed in 
Tangipahoa Parish, located in southeastern Louisiana. Figure 9 shows the 
study area and vicinity map. This area was selected because surface water 
quality problems were known to exist in the area, but the current status of 
the ground water quality was generally unknown. Furthermore, the area was 
perceived to be "highly vulnerable" to ground water contamination, based on 
its high annual rainfall and high recharge potential. Not only was the area 
perceived to be vulnerable, but it also had a potential for ground water 
contamination due to the presence of a predominant single land use — dairy 
farms.
4.2.2 D escription
The Big Creek sub-basin is a 2,158-hectare (5,329 acres) watershed 
situated in the relatively flat to gently undulating area known as the 
Southern Pine Hills. The area is predominantly rural, with a very small 
population and only one community located within the watershed boundary.
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Grazing and dairy activities dominate the agricultural activities of the area. 
Sixty-four dairies are located within the watershed. Seven other land uses 
are present within the area. Significant cultural features include an oil field 
and the Sandy Hollow Wildlife Management Area, both located in the central 
portion of the watershed.
b i g  c r e e k W a t e r s h e d
L O U I S I A N A
T A N G I P A H O A
P A R I S H
Figure 9. The B ig  Creek W atershed Located in Tangipahoa  
Parish, Louisiana.
The geology of the area has been previously described by Boniol, Autin
and Hanson (1988). Generally, the area is made up of the upper portion of
the Pleistocene High Terrace Formation which is composed of alternating
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layers of clays, sands, and gravel. The layers generally dip to the south and 
southwest. Ground water flow is predominantly in a southwesterly direction 
with the upper water bearing formations generally being unconfined. The 
quantity and general quality of the area's ground water resources were 
documented prior to 1990 (Winner, 1963; Nyman and Fayard, 1978; and U.S. 
Department of Energy, 1987). Wells developed in the area's aquifers yield 
very soft, sodium bicarbonate-type waters (particularly for deeper wells). 
W ithin the study area, ground water supplies drinking water to area 
residents primarily through individual home water wells. Very high flow 
rates are possible, particularly for larger diameter or deeper wells. The area 
is part of the Southern Hills Sole Source Aquifer designation (Louisiana 
Department of Environmental Quality, 1990).
The ground water aquifer system is recharged by an average annual 
rainfall of 162 centimeters (63.9 inches) that is relatively evenly dispersed 
throughout the year (Louisiana Department of Environmental Quality, 1990). 
Periodic flooding can occur in some areas of the watershed.
, Soils are deep, loamy, and moderately well drained to well drained. 
Slopes range from zero to twenty percent. Most slopes are gently rolling, 
and less than 8 percent. Highest elevations are found in the northern and 
eastern portions of the watershed, with peak elevations being 100.9 meters 
(331 feet) and 85.4 meters (280 feet) above mean sea level (msl) respectively. 
Total relief across the watershed is 72 meters (236 feet), with typical localized
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relief of from 15.2 to 22.9 meters msl. The elevation near the basin outlet is 
approximately 29 meters msl.
4.3 Input Data
Preparation for the GIS implementation of the vulnerability 
assessment procedure required the listing of data needs; identification of data 
sources; assessment of data format, scale, costs, and availability; and data 
acquisition. These are discussed in the this section. (Other data issues, 
including entry and verification, are discussed in the next section.)
4.3.1 Data Requirem ents
Data were needed for: 1) quantifying the vulnerability assessment 
factors, 2) facilitating the field evaluation of the procedure, 3) meeting GIS 
system requirements, and 4) augmenting the analysis of the procedure’s 
performance. The specific data requirements (Task 2.1) differed for each of 
these implementation phases.
Only one dataset was required for the quantification of the VA factors. 
Since soils data formed the foundation for the procedure's development, soils 
data (both soils maps and the soil characteristics/descriptive data) formed the 
foundation dataset for the GIS implementation of the procedure. The data 
contained in the detailed soils survey (U. S. Department of Agriculture, 1990) 
was found to satisfy all the data needs for the procedure's implementation.
Three other datasets were essential for taking the project to the field 
evaluation phase. Dairy location and descriptive information were necessary
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for identification of sampling sites, evaluation of vulnerability for dairy 
locations, and finally, for evaluation of the procedure's performance (by 
comparing vulnerability to observed water quality at dairy sites). 
Topographic maps provided necessary GIS system information used in spatial 
referencing (linking) of all datasets. Supporting data (watershed boundary 
and water quality) were needed for the model testing and verification phase 
of the project.
Other data captured to provide additional information for this project, 
but unnecessary for its completion, included landuse, political boundaries, 
aquifer recharge potential, precipitation, stream segments, transportation, 
and registered water wells. These data were helpful in locating sampling 
sites, and in explaining some of the water quality conditions encountered.
4.3.2 Data Sources
Many federal and state agencies collect data and m aintain historical 
records as part of their normal regulatory operations, or act as a service 
organization, collecting and making available specific data. Most data needed 
for this project were available through these agencies. The soils and 
topographic data were available through federal agencies tha t act as non- 
regulatory, service organizations. Other needed data were available through 
state regulatory agencies. Only the water quality data had to be acquired 
through field measurements. The data sources for all datasets acquired for 
project implementation are listed in Table 9.
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Table 9. Data Acquired for GIS Im plem entation o f the
Vulnerability A ssessm ent Procedure.
D ata  N am e D ata  Type D a ta  Source
Aquifer Recharge 
Potential
Area Louisiana Geological Survey 1988 
Aquifer Recharge Potential Maps
Control Points1 Point Investigator-assisted on Universal 
Transverse Mercator Grid
Dairy Farms1:
• Dairy Location
• Dairy Information
Point
Non-graphic
DEQ/Department of Health & 
Hospitals/Louisiana Cooperative 
Extension Service 1988 Dairy Survey
Georeferencing1 Line U.S. Geological Survey (USGS) 1983 
7.5 Minute Series Topographic Maps
Landuse:
• Landuse Delineation
• Landuse Type
Area
Non-graphic
USGS 1978 Land Use Survey 
Database from Multi-Spectral 
Scanner Satellite Imagery
Political Boundaries Area USGS Topographic Maps (1:250,000 
scale)
Precipitation:
• Monitoring Station
• Amount
Point
Non-graphic
LSU Southern Regional Climate 
Center and Field Measurements
Soils Data1:
• Soil Area
• Soil Centroid
■ Soil Characteristics
Area
Point
Non-graphic
U.S. Department of Agriculture, Soil 
Conservation Service, Soil Survey of 
Tangipahoa Parish, Louisiana
Stream Segments Line USGS Digital Line Graphs (DLG)
Transportation Line USGS DLG
Water Quality1:
• Sampling Location
• Water Quality Info.
Point
Non-graphic
Field Measurements
Water Wells:
• Well Location
• Well Information
Point
Non-graphic
Louisiana Department of 
Transportation & Development 
(DOTD), Registered Water Well 
Records (February 1994)
Watershed Boundaries1:
• Boundary
• Centroid
Area
Point
USGS Topographic Maps (1:62,500 
scale)
1 Datasets essential to GIS project implementation.
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Dairy information was available from a dairy survey conducted in 
1988-89 by the Louisiana Cooperative Extension Service (LCES) and 
the Louisiana Department of Health and Hospitals (DHH), in conjunction 
with DEQ. The survey contained information for 271 dairy farms in a three 
parish area. Of the dairies survey, 265 were located in Tangipahoa Parish. 
A survey form for each dairy was completed. It contained a map 
identification number th a t corresponded to the farm's location (marked on a
7.5 minute series topographic map by DHH field staff conducting the survey), 
DEQ identification number, dairy name, and the number of cows milked at 
the dairy.
4.3.3 Data Form at and Scale
Data format and scale were important considerations when selecting 
datasets and sources for use in GIS implementation of the project. Both 
graphical and tabular data were required for project implementation.
Data formats were found to be either: 1) computerized, GIS-compatible 
graphics and/or database (attribute) records, 2) computerized, but not GIS- 
compatible, database records, 3) graphics in paper map format or 
latitude/longitude coordinate information, or 4) manual paper records as 
survey forms, water well registration forms, or other records formats (Task 
1.3). The format for each original dataset is indicated in Table 10. Also 
indicated is whether the data existed in a GIS-compatible format. An 
indication of "new" means that the data existed as either map information or
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Table 10. Characteristics o f Data Acquired for the Project.
D ata  N am e D a ta  Form at D a taSeale
Aquifer Recharge Potential New - maps 1:250,000
Control Points User/system generated 1:24,000
Dairy Farms:
• Dairy Location
• Dairy Information
New
• Maps
• Survey forms
1:24,000
Geo referencing User/system generated 1:24,000
Landuse:
• Landuse Delineation
• Landuse Type
Existing graphics with 
associated attributes
80 meter 
resolution
Political Boundaries Existing graphics 1:250,000
Precipitation:
• Monitoring Station
• Amount
New
• Map or manual records 
■ Manual records
1:24,000
Soils Data:
• Soil Area
• Soil Centroid
• Soil Characteristics
New
• Soil maps
• System generated
• Manual attribute tables1
1:20,000
Stream Segments Existing graphics 1:24,000
Transportation Existing graphics 1:100,000
Water Quality:
• Sampling Location
• Water Quality Info.
New (had to be obtained)
• Maps
• Manual records
1:24,000
Water Wells:
■ Well Location 
• Well Information
New - Individual manual 
records
1:24,000
Watershed Boundaries: 
• Boundary 
■ Centroid
• Existing graphics
• System generated
1:62,500
1 Existing computerized records for soil attributes were acquired. All efforts
to import these existing data into the project database were unsuccessful.
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physical records, and not in a GIS-compatible format. The formats for most 
of the necessary data were incompatible with the GIS project 
implementation. This resulted in considerable data handling being required 
to transform the new data into a format useable within the GIS system.
The availability and use of datasets at scales of 1:24,000 or larger were 
considered essential for assuring the project would be a "local" scale project. 
All datasets necessary for project implementation (except watershed 
boundaries) were available at the scale of 1:24,000 or larger. The soils data 
were at a larger scale of 1:20,000. The land use, political boundaries, 
aquifer recharge potential, and transportation data were a t scales smaller 
than  1:24,000. While these data were unnecessary for project 
implementation, they provided valuable descriptive information about the 
study area.
4.3.4 Data Accuracy
An understanding of each dataset's accuracy in its original format was 
necessary in order to assess the accuracy of final GIS results and output 
products. Accuracy of graphical and attribute data contained in essential 
datasets were assessed. Accuracy information was obtained directly from the 
dataset documentation. If unavailable, dataset documentation or accuracy 
information was obtained from the original data source (whenever possible).
Graphical data were also checked for consistency in coordinate system 
and in map projection.
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Soils data contained both graphical and non-graphical components, 
w ith each component having an accuracy associated with it. Soils 
delineations were based on field observations of soil profiles and 
measurements of soil characteristics (such as color, texture, and soil reaction); 
examination of aerial photography of the area; and professional judgement. 
Accuracy of the delineations were not quantified, except to indicate the extent 
th a t another soil phase (an inclusion) could be present. The percent of the 
area tha t could be an inclusion was reported. A ten percent inclusion rate 
was indicated for each soil phase within the study area, except for one soil 
phase (Ruston-Smithdale association) tha t had a 15 percent inclusion rate 
reported. Accuracy of the graphical data could, therefore, be considered to 
be 90 percent for the area delineation since 90 percent of the soils contained 
within one soil phase delineation would be expected to be the same phase and 
have the same characteristics.
Inclusions could be similar or dissimilar in characteristics to the soil 
phase being delineated. Soil attributes at any particular point within the 
delineated area could match the characteristics reported for the soil phase 
delineation, or could be completely unlike the reported characteristics. Ten 
percent of the delineated area could have very different characteristics, 
indicating that soil attribute data accuracy could range from zero (100 
percent wrong) to 100 percent (correct). Original data documentation 
provided no quantification of the accuracy of the soil attribute data.
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The accuracy associated with soil data is clearly dependent upon the 
scale at which the data is used. Use of the data to examine spatial 
distribution over an area would have an acceptable accuracy level (90 
percent), while point examination of the data could yield highly unreliable 
results.
The dairy data, like the soils data, contained both graphical and non- 
graphical components. Graphical data were dairy locations marked on U. S. 
Geological Survey (USGS) 7.5 minute series topographic maps. DHH field 
staff members who conducted the dairy survey made the location 
determination. Accuracy of these data was not quantified at the time of the 
dairy survey. Their accuracies were dependent upon the ability of the staff 
member to read a map, upon his/her consistency in decision-making as to 
where within the farm property boundary to place the map marker, and upon 
whether the same field person completed all surveys. Ground truthing 
(discussed in the next section) was conducted to check the accuracy of these 
data. Dairy owners provided the information reported in the surveys. 
Accuracy of these data depended upon the willingness of the owner to 
communicate accurate information. Since many records in the dairy attribute 
dataset are time dependent, this dataset could be perceived to be accurate 
only for the time period tha t information was gathered. While considerable 
effort has gone into updating this database, missing records remain, and 
quantification of accuracy for these attribute data was not achievable.
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Accuracy of sample site locational data were also not quantifiable. Site 
location was determined from: 1) distance measurements from adjacent dairy 
milking parlors, 2) distance measurements relative to nearby features 
discernable on topographic or soil aerial photo maps, or 3) estimations from 
combining information from multiple sources. Locational errors resulted from 
the combination of measurement errors and inaccuracies in the map or other 
data  sources tha t were used in determining the well location. Initial well 
locational accuracy was, therefore, less than the accuracy of either the dairy 
farm or other feature location. Information from topographic maps, soils 
delineations, and aerial photos from the soil survey report provided 
information that helped in adjusting the well locational data to improve their 
locational accuracy. Final data accuracy was believed to be very good, but 
still not quantifiable.
The accuracy of the well water quality data is discussed in Chapter 5, 
Field Methods. Other well attribute data were provided by the property 
owner. Some well records were incomplete, with most well attributes 
subjectively assessed. Only the well age and depth appeared to be reliable 
information. When known, these attributes were 100 percent reliable.
Accuracy of the basin boundary data was quantifiable as the accuracy 
of original data set as modified by the digitizing accuracy. The study area 
boundary was digitized from 1:62,500 scale USGS topographic maps. Since 
the USGS has reported that its map products meet National Mapping
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Standards4, 90 percent of all points on this map should be within ± 12.5 
meters of their true location. Adjustment of overall accuracy to account for 
the project's digitizer set-up error tolerance of 0.1 percent yielded a ± 0.63 
meters adjustment to the original data accuracy. Resultant accuracy of this 
graphical dataset was determined to be 95.6 percent.
Other data essential to the project were the USGS topographic map 
data. Accuracy for the 1:24,000 scale topographic map data was 96 percent 
(90 percent of points are within 4.8 meters of their true location).
4.4 Procedure Im plem entation
GIS implementation required data inputting to create digital design 
files and database tables, performing necessary system functions to prepare 
the graphical and attribute data for analyses, and performing the GIS 
analyses necessary for this project.
4.4.1 Data Entry
The data needed for the GIS implementation were collected in 
preparation for inputting into the GIS database (Task 2.2). As was indicated 
earlier, all necessary data except the water quality data were readily 
available, with some datasets available at LSU in GIS-compatible format. All 
datasets listed in Table 10 were acquired for this project. Only the Louisiana
4 National Mapping Standards specify the horizontal accuracy of a map 
as not more than ten percent of points shall be in error greater than  1/50 
of the map scale (Thompson, 1981).
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Department of Transportation & Development (DOTD) water well data and 
the w ater quality data had an associated data acquisition costs5.
Actual implementation within the GIS system began by defining 
system param eters within which the project would operate. A GIS project 
titled dfarm was created, a database was selected, and project schema, 
categories, and features were defined. In preparation for receiving data, 
other system components were also created and defined.
The creation of database tables was necessary prior to entering non- 
graphical attribute data. Column name, the data entry procedure, and data 
format for entry were specified during table creation. Eleven tables, 
containing as many as 50 columns each, were created.
A locational system was selected, prior to inputting graphical data, to 
provide georeferencing for all graphical datasets. The Universal Transverse 
Mercator (UTM) Grid System was chosen for georeferencing6. The UTM map 
projection with the World Geodetic System 1984 (WGS84) geodetic datum and 
ellipsoid was chosen to be the standard map projection. Its selection 
minimized the number of data conversions required since the UTM projection 
was common to many datasets.
5 Acquisition cost for the DOTD water well data was waived based on my 
performance of the manual labor associated with these data' collection 
(eliminating the extensive DOTD staff collection time that would have 
otherwise been required). Paper files were searched, records collected, 
and the needed records copied.
6 The project study area is contained in the UTM Zone 15.
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The capture of graphical and non-graphical data required different 
procedures (Task 2.3), depending upon the type of data and the format in 
which it was contained. Four data types (point, line, area, and non-graphical 
attributes) and four data formats had to be accommodated.
4.4.1.1 Graphical Data
New graphical data entry usually required the use of specialized 
hardware, available a t other facilities and accessible through the campus- 
wide networking of computing facilities. Existing graphical data were 
obtained by copying existing design files and extracting the desired graphical 
data and their associated non-graphical records.
Inputting of new graphical data was achieved through the digitizing of 
map information, keyboard entry of latitude/longitude coordinates, or the 
creation and execution of control files containing locational information. 
Digitizing was performed to capture dairy locations, aquifer recharge 
potential delineations, soils boundaries, and water quality sampling points 
from maps. Precipitation monitoring stations were entered by keying in their 
latitude and longitude locations. W ater well locational data were captured 
by creating and executing a control file7, designed to simultaneously record 
well location (by latitude and longitude) and well identification number.
7 Control files were created inside WordPerfect 5.1 by typing water well 
locational information, its associated data records, and file execution 
instructions in a standard format. These data files were converted to 
ASCII files, transferred to the workstation via FTP, and executed once 
inside the design file.
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Soils boundaries were digitized from 1:20,000 scale maps provided by 
the Louisiana office of the Natural Resources Conservation Service (NRCS). 
The Tangipahoa Parish detailed soil survey (U. S. Department of Agriculture, 
1990) contained 65 map sheets, twelve of which comprised the study area. 
Registration points were used that could be identified on both soil maps and 
on the USGS 7.5 minute series topographic maps. Four registration points, 
specifically road intersections, were located and used for each soil sheet 
digitizer set-up. The digitized maps were then edge-matched to check for 
errors. The amount of error encountered averaged approximately five meters.
Dairy locations were digitized from the 7.5 minute series topographic 
maps used in the 1988 LCES/DHH/DEQ Dairy Survey to show farm locations. 
The Big Creek dairies were later extracted from the parish dairy design file. 
Map registration was achieved during digitizer setup by selecting the map 
corners as reference points. This was appropriate and sufficient since the 
dairy maps were exactly the same as the grid and map projection system 
chosen for system georeferencing. Digitizer setup error tolerance of less than
0.1 percent was maintained throughout the digitizing.
GIS-compatible datasets existed for landuse, political boundaries, 
roads, stream  segments, and watershed boundary. A copy of the datasets 
was made, and transferred to the workstation by using FMU. These datasets 
were usually quite large, and required the extraction of data for the Big 
Creek watershed once inside the dfarm project. To accomplish the data
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extraction, a topology file containing the original dataset and the basin 
boundary was created. A query was executed to select all features inside the 
watershed, with the selected features being placed in a new, resultant design 
file. Data transformations were sometimes required when the original 
dataset's map projection was a projection other than UTM.
4.4.1.2 Non-graphical Data
Non-graphical data entry was achieved through three different 
procedures: keyboard entry, execution of control files, and direct addition of 
system generated statistics or computed values. All inputting of non- 
graphical (attribute) data was achieved at the workstation,
Direct data entry through the Geo Database Locate form was used for 
inputting of dairy farm information. By selecting the dfarm  feature, the 
feature's graphic linkage provided access to the database where information 
was added directly via the keyboard. Existing records were also updated by 
using the database record labeled mapid to query the database.
Control files were used for water well (discussed under graphical data 
inputting) and soil attribute entry, and for updating the dairy database. 
Digital soils attribute data were acquired from the NRCS, but successful 
extraction of the needed data from this digital dataset was never achieved. 
The needed soils attribute data were manually extracted from the soils survey 
tables for use in the VI computations. SQL control files were used for 
inputting some of the soil data and for the addition of missing dairy records.
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System-generated data resulted from normal processing procedures, or 
from special executable procedures as Area Loader or Query Reporter. These 
data were added directly to the database if the operator specified "update 
database" during the processing. Mslink, mapid, area and perimeter 
calculations, and other query resultant values were added via system 
processes.
4.4.2 D ata Verification
D ata verification included field checking of data (ground truthing), 
system procedures for checking the quality of graphical and attribute data, 
and m anual checking of both graphical and attribute data by the system 
operator. Operator checks required careful, frequently repeated observation, 
editing, and cross-checking of data files.
4.4.2.1 Ground Truthing
Ground truthing for verification of site-specific spatial data was 
conducted (Task 2.5). Site visits, distance measurements, use of digital line 
graphs (dig) and topographic maps (roads, rivers, and elevation contours) in 
combination with other map data of known accuracy, and knowledge of the 
area were used to check positional accuracy of dairy and sampling well 
locations. Figure 10 helps illustrates how this was achieved. Dairy, road and 
river design files were overlain to check a dairy water well location. In-field 
m easurement of actual location relative to Graham Road was made. The 
site's original GIS mapping (as determined from the dairy survey maps)
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indicated the site as being located at Point 1 on the figure, which is on the 
south side of Highway 1061, approximately 240 meters west of Graham Road. 
Ground truthing determined the actual location to be 473 meters east of 
Graham Road, at the second drive on the south side of Highway 1061. The 
location was incorrectly marked on a topographic map during the original 
dairy survey completion. A locational error of 713 meters resulted, 
indicating a serious error in the original data. Since the dairy has been in its 
current location for at least 15 years and since the dairy facility is actually 
included as part of the printed information contained on the topographic map, 
this error was totally avoidable.
713 M
LEGEND C\l
ORIGINAL SITE 
CORRECTED SITE
30>45"41 N
Figure 10. The Distance between 1 and 2 Shows the Amount of 
Locational Error in Spatial D ata for One Dairy 
Farm.
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An iterative process of check, adjust, and recheck locational data was 
used to correct spatial data found to be in error. Data were checked in the 
field, and locational adjustments were made in the appropriate GIS design 
file. Data were then rechecked by reviewing multiple data sources.
Attribute data were similarly checked, corrected, and then rechecked. 
Site inspections, telephone calls, and other data sources were used to confirm 
or obtain additional information. Well and farm operations were checked in 
this manner.
Data adjustments were made when obvious and measurable errors 
were identified in spatial or attribute data. The amount of adjustment was 
determined from the review process.
The use of Global Positioning System (GPS) in the ground truthing 
process would have provided the most accurate means of establishing correct 
spatial location and assessing positional accuracy of point data. Access to the 
equipment needed for GPS locational assessment was sought, but was not 
obtainable for this project.
4.4.2.2 System  Verification
System procedures to verify accuracy of data records contained inside 
the GIS system were also conducted. Procedures for both graphical and 
attribute data were used, and data were modified as needed (Task 2.4).
System reporting of locational error due to the digitizer setup 
immediately followed each digitizer setup. The digitizer setup established the
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positional relationship between known points on the map to be digitized and 
the system's internal grid system. Since the GIS system was initially defined 
to recognize latitude and longitude on the UTM map projection, selection of 
map corners (having known latitude and longitude) were used as the 
georeferencing points in all digitizer setups. The digitizer setup process 
measured the maximum and average deviations of the operator-indicated 
georeferenced points from the true locational position. The deviation was 
automatically reported at the completion of the digitizer setup. A maximum 
error of less than 0.1 percent was the chosen tolerance for each setup. The 
digitizer setup process was repeated if this error was exceeded.
A process called Line Cleaner was executed after completing digitizing 
to check the accuracy of the graphical elements, specifically linework. This 
procedure checked for improperly intersecting lines, duplicate lines, and 
overextended lines. The process can be used to flag errors, allowing the 
operation to make corrections, or used to identify and correct the linework 
without further operator input. Operator correction was used for all errors 
identified during this process. System correction was used only when very 
small, hard to recognize errors were unresolvable by the operator.
Manual review of graphic elements was used to confirm the correct 
number and placement of elements. Design files with few elements, as the 
sample wells, were easily checked to provide assurance of correctness. 
Complex design files, particularly the soil file, were extremely difficult to
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check, and nearly impossible to ascertain complete correctness. The linework 
contained in the bcsoil design file represented a total of 6,065 kilometers of 
soil boundaries. Line Cleaner was successful a t identifying intersection and 
dangling line element problems, but only operator inspection provided spatial 
correctness determination. Soil area location and labeling was carefully 
checked against the paper soil maps. Repeated checks continued to yield 
identification of missing lines or mislabeling of soil polygons. The soil 
linework was so convoluted and intertwined that locational correctness was 
only approximately confirmed. Polygon shapes and labels were more easily 
confirmed than were their true locations.
Design file overlay was used as an additional check for locational 
errors. By superimposing multiple design files, graphic elements were 
checked relative to each other. As in the example given for ground truthing, 
road elements were used to help confirm dairy locations. Roads were also 
helpful in editing the soil file since original soil maps contained roads and 
other features that provided reference points for checking locational accuracy.
Other system procedures used to check graphic elements included the 
MicroStation GIS Analyzer (MGA) functions Ulf Builder, Topo Builder, and 
Query Builder. Ulf Builder counted elements as it processed them, and 
reported the number and type of elements found. Topo Builder also counted 
elements during processing, and reported findings as number and type of 
elements. In addition, it reported relational feature such as the number of
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faces and coordinates. Query Builder was used to check the system's ability 
to "see" each element as it should be seen, i.e. a sample well, not a diary.
System verification of attribute data was also used. Database queries 
were used to check for missing records (null), for appropriate and 
inappropriate record values, to count records, to identify duplicate records, 
and to retrieve records for manual checking. Manual checking of GIS 
attribute data against original data was routinely performed throughout the 
project. Editing of records following initial data entry, and following each 
database update were performed.
4.4.3 Vulnerability Delineation
Once data were captured as graphical elements inside the GIS and 
appropriate system processing to verify the quality of the data achieved, 
graphical elements were converted into system recognizable features in 
preparation for specific data analyses. Feature Maker, Centroid Placer, 
Complexer, Attribute Loader, and other MicroStation GIS Environment 
System Nucleus (MGE/SX) functions were used. Feature labeling, 
attribution, and linkage to the existing database were the final steps before 
GIS analyses were performed.
A VI was determined for each soil type by multiplying each parameter's 
rating by its weighting factor, and summing the weighted values for all 
parameters. Computations were manually performed, with the resulting VI 
value entered into the soil database table.
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Vulnerability delineations were achieved by linking the soil polygons 
to the database records via the polygon centroid. Since each soil type had 
a unique VI, each soil type represented a unique vulnerability delineation. 
While vulnerability could have been graphically displayed by adding a 
crosshatched pattern to each soil polygon according to its VI, this was not 
done because of the GIS system's limits on the number of crosshatched 
patterns available for use. Insufficient distinction between different 
vulnerability areas would have resulted. Color fill provided the best option 
for vulnerability delineations by individual soil polygon, but was not used 
because of the limits placed on color output products.
An alternate approach to delineating vulnerability tha t overcame 
system limitations was the formation of vulnerability classes, where soils 
were grouped according to the similarity of their vulnerability index values. 
Three classes were selected: highly vulnerable, moderately vulnerable, and 
slightly vulnerable. Not vulnerable was not used as an option because of the 
inability to guarantee absolute impermeability, a condition only possibly 
achievable if an area were completely paved and without cracks, fractures or 
other breaks in the paved surface. Table 11 gives the vulnerability classes 
chosen, and the range of VI values associated with each class.
The mapping of vulnerability delineations for the study area was 
achieved through the following process. Soil graphical features were grouped 
by the three class ranges by using the Place Fence and EL key-in commands
Table 11. Vulnerability Classification.
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Vulnerability Class V ulnerability  Index Range
Highly Vulnerable 6.0 to 10.0
Moderately Vulnerable 5.0 to 5.99
Slightly Vulnerable 1.0 to 4.99
inside IP32 to build a ulf file. The ulf file was processed using Topo Builder 
to generate a topology file in which relationships among graphical features 
were discernable. After creation of the topology file, database queries were 
generated using Query Builder to identify the soils with VI values falling 
within each class. The topology file and associated database queries were 
used to generate the resultant vulnerability classification. Area Merger was 
executed to merge soil areas within each vulnerability class. Once areas were 
merged, Design Builder was used to create a design file to display the 
resultant vulnerability delineations. Final map processing involved the use 
of Area Patterner (inside MGE Analyzer/Applications) to add crosshatching 
or color fill to the map areas to provide distinction between classes.
The vulnerability assessment procedure's results were presented in 
tabular form and in map form. Tables were prepared to show the individual 
VI delineation results (including the calculated VI, the soil type associated 
with the VI value, the total area of the watershed having that value, and the 
percent of the watershed the area represented). The vulnerability class 
delineation results were presented in both table and map formats.
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4.5 Procedure Evaluation
GIS-based evaluation and statistical analyses of the vulnerability 
assessment process and its resulting vulnerability delineations were 
conducted. The results were compared to the water quality sampling data. 
Data manipulations as data overlay and GIS analytical operations involving 
Boolean operators, spatial measurements, and neighborhood operations were 
performed on multiple datasets in preparation for, and as part of, data 
analyses. Most analyses required the incorporation of multiple design files 
into one resultant topology file before analyses could be performed. A topology 
file containing sample well locations and soil vulnerability delineations 
formed the foundation for most GIS analyses.
The vulnerability assessment procedure's evaluation was performed by 
applying three GIS-based approaches: point assessment of vulnerability, area 
assessment of vulnerability, and comparison of point and area vulnerabilities 
to the six water quality statistics. The compilation of related descriptive 
statistics was also performed to augment the evaluation process. Each of 
these are discussed below.
4.5.1 Point A ssessm ent of Vulnerability
The vulnerability delineations were used to determine site vulnerability 
for the 26 water well sampling sites. This assessment yielded a well 
vulnerability as a point value. To accomplish this assessment, the topology 
file containing both wells and soil delineations was queried to identify wells
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inside each soil type and to determine the vulnerability index value 
associated with that soil type. The results were reported by using the Query 
Reporter process. Sites were ranked according to vulnerability to provide a 
means of examining the relationships between and among wells.
4.5.2 Area A ssessm ent of Vulnerability
Vulnerability delineation was also examined as an area function. An 
area-based resultant vulnerability was calculated for each well by: 1) 
specifying a pre-defined physical area (buffer) around the wellhead, 2) 
identifying all soils within th a t area, 3) calculating each soil's area within the 
buffer, 4) weighting each soil's VI by the percent of the buffer area the soil 
occupied, and 5) summing the weighted Vis for each soil area contained in 
the buffer. Wells were then ranked according to their resultant vulnerability.
An area-based resultant vulnerability was determined for each of three 
buffer sizes or shapes. Buffers chosen for the assessment were:
1. a 400 meter radial area around each sampling site wellhead,
2. an 800 meter radial area around each sampling site wellhead 
(approximately corresponding to the U. S. Environmental Protection 
Agency's Wellhead Protection Zone), and
3. a custom-shaped area upgradient (as determined from ground water 
flow potential a t the well location) of the well, whose area was 
approximately equal to the 800 meter buffer area.
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Buffer assessments were extremely complex GIS manipulations to 
perform because of the difficulty encountered in developing system- 
recognizable buffer features. While GIS easily performs buffer analyses 
(called Feature Zoner), the system automatically dissolved all internal lines 
when buffer zones overlap. This resulted in one large buffer area for some 
of the wells that were located only a short distance from each other. For the 
buffer analyses needed for this project, each buffer needed to remain a 
separate, recognizable feature.
Special manipulations of design graphics were necessary to generate 
independent buffers, and overcome the problems of the system-generated 
buffers. Buffers were created by drawing a circle (a graphical element) whose 
radius was the radius of the targeted buffer zone. The graphical element was 
copied and placed at each well location, centered at the wellhead. Line 
Cleaner was then run on the design file containing the circle elements to 
produce resultant system-recognizable linework from the circles. The 
linework was processed to make features (called wells_buff) of the linework, 
and centroids were placed inside each resulting buffer area. The centroids 
were linked to the database using Feature Attribution before topology files 
were created and system analyses performed.
The custom-shaped buffer required additional effort and processing 
beyond that required for the radial buffers. First, the ground water flow 
direction at each well had to be determined. This was achieved using a
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potentiometric map for Tangipahoa Parish (Martin and Whiteman, 1985) to 
m easure the angle of the flow gradient across the site. The IP32 functions 
of GIS were then used to draw an elliptical shaped area element oriented at 
the angle of the flow gradient, and modified to reflect a hypothetical flow 
pattern  to a well. This element was copied and rotated to the angle of the 
flow gradient for each sampling site by using the Fence-Copy and Rotate 
function. The custom buffer elements were next converted into complex 
shaped elements. From this point, the custom buffers received the same 
processing as the radial buffers. Figure 11 shows custom-shaped buffers 
drawn for eleven sampling sites. The well and their corresponding flow paths 
are also shown.
4.5.3 V ulnerability D elineations Compared to Water Quality
The final approach in the procedure evaluation was to compare the 
point and area vulnerability assessment results to observed w ater quality 
(Task 5.2). Six water quality statistics were compared with the four 
vulnerability delineation options in an attem pt to discern identifiable 
relationships between ground water quality and the vulnerability 
delineations. Graphical and statistical correlations, which included linear 
regression equations and correlation coefficients, were used to evaluate these 
relationships. (The procedures for determining water quality at each site and 
for computing sampling statistics for the water quality data are discussed in 
Chapter 5.)
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Figure 11. Custom-shaped Buffers Drawn to R eflect Ground 
W ater Flow Direction and H ypothetical Flow  
P attern at E leven Sampling Sites.
Tabular and graphical results from these procedures are contained in 
Chapter 6. GIS display of assessment results required the creation of 
resultant graphical design files from the query and analyses processes. Excel 
graphics of the results were also prepared.
4.5.4 Other GIS R esults
GIS analytical processes were also used to examine other database 
data relevant for the evaluation of the vulnerability delineations. Resultant 
descriptive statistics were compiled for soil, registered water well, and dairy
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data and to describe by vulnerability classes and by sampling site, the 
relationships among these data.
4.6 Output Products
The project's output products were a numerical Vulnerability Index 
(discussed in Chapter 3), graphical displays and map products, database 
reports, and the GIS project documentation. The entire project content - 
design files, database, report files, etc. - is physically available for access or 
distribution on 8 mm magnetic data cassette tape.
4.6.1 Graphical Products
Map output products were produced from single and multiple design 
files. To create the desired product, the design file(s) was displayed by using 
the Select Map command. Products that involved multiple design files 
required attaching additional files to the base design file (as reference files). 
Editing of files to alter feature symbology, as needed, and to add text, legend, 
map scale, and other relevant information was achieved by using IP32 Design 
options. The resultant map visually displayed on the workstation monitor 
was prepared for output by creating a plot file and specifying the appropriate 
plotter device and device configuration.
The printing of plot files was accomplished by one of two procedures. 
Black and white plots were generated by converting the UNIX-based plot file 
to a DOS-based file, saving the file to disk, and printing on an HP LaserJet 
4m printer. Color plots required FMU transfer of the plot file to the plotter
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location. The plotter was prepared for execution by loading paper, checking 
the paper settings, loading the appropriate color ink pens, and adjusting pen 
speed and pressures (if needed). Once the plotting device was readied, plot 
execution was achieved by copying the plot file to the plot device.
4.6.2 Database Products
Non-graphical products as system descriptive statistics and database 
reports were also produced to aid the evaluation of the VA procedure's 
results. These resulted from specific processes or as the object of specific 
database queries.
GIS process statistics were displayed on the Process Monitor at the 
conclusion of each process. Display and screen copy of these statistics were 
achievable whenever a printer was attached to the workstation.
Database reports were generated inside the GIS MGE/Applications by 
using Query Reporter, or inside Oracle by using SQLPLUS queries. The GIS- 
based reporting required selection of a topology file and related query set, 
creation of a Report Definition File, and designation of an output file. The 
Report Definition File was constructed by using "iedit" under a VT100 
window. Table 12 shows an example of a Report Definition File prepared for 
reporting the results of a dairy database query. Calculation functions were 
added to some of the Report Definition Files to obtain additional descriptive 
statistics for the dataset. Functions such as count, sum, and average were 
some of the optional functions that were performed with different datasets.
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Printing of reports required the UNIX to DOS conversion of the output file, 
and FTP transfer of the file to a PC, where the report was then edited and 
printed. Disk transfer of files was also used.
Table 12. Exam ple o f a Report D efinition File.
ACTFVEPROJECTlsetup/dairy.rpt MGA R eport D efin ition  File
RDBS Table  
N am e
RDBS Column  
N am e T Units
Column
Length
farms id 5
farms owner 20
farms cattle T 4
farms waste_lagoon T 3
farms year_installed 4
4.6.3 Project Docum entation
The final GIS task  required for this project was the documentation of 
graphical design files and database tables contained in the GIS project.
Documentation for graphical data and their associated attributes was 
prepared, including plot copies of each design file's content. Documentation 
included data source, date, scale, and other relevant and available 
information th a t would be beneficial to assessing dataset accuracy and to 
facilitating future use of the data. Screen plots of the major graphical data 
files were prepared with limited descriptive labeling added.
Documentation for non-graphical data included information about 
database structure as well as database content. Database table name,
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column names, data entry format (including units of measure, if relevant), 
and data source and date were noted.
All graphical and non-graphical data documentation (including design 
file plots) were combined to form a project documentation package. Data 
accuracy for each dataset (graphical and non-graphical) was included, to the 
extent possible, as part of this package. An overview of this package is 
contained in Appendix G.
CHAPTER 5 
FIELD  METHODS
5.0 In tro d u c tio n
Field evaluation of the shallow ground water vulnerability assessment 
procedure developed during this research was designed to provide information 
necessary for the testing of the reliability of the procedure's vulnerability 
delineations. This was accomplished through a water well sampling program, 
analyses of samples, and correlation of sampling results with the assessment 
procedure's results. Sampling involved the monitoring of nitrate 
concentrations in water wells.
The sampling program and the analyses of samples are discussed in 
this chapter. Sampling results and the correlation of these results with 
vulnerability assessment results will be discussed in Chapter 6.
5.1 W ater Well S am pling
W ater well sampling was conducted within the study area during the 
summer 1993 and winter 1994. During sampling periods, samples were 
collected every two weeks from shallow water wells (less than approximately 
36 meters (120 feet) deep) within the study area.
5.1.1 S am pling  S ite  S election  
Site selection (Task 4.1) initially focused on dairies as potential 
sampling sites because of the abundance of dairies within the study area and
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because of the more consistent nature of the contaminant source (animal as 
opposed to row crop agricultural production). By overlaying dairy locations 
on the mapped initial vulnerability assessment results, dairies within each 
vulnerability delineation were identified. This is illustrated in Figure 12 
where all dairy farms located on the Savannah soil type are show. Table 13 
gives the results of this process. Fourteen soil types (synonymous with 
vulnerability delineations) were identified within the study area, each having 
a different Vulnerability Index (VI). Eight had dairies located within its 
mapped area.
KILOMETERS NORTH
Figure 12. Dairy Farms Located on the Savannah Soil Type.
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Three sampling sites for each VI area were the targeted number of 
sampling sites. Since dairy sites were the preferred sampling sites, potential 
sampling sites were only selected from those VI areas having dairies located 
within their boundaries. Three or fewer dairies were located within some 
areas, making the selection of three dairy sampling sites impossible. A 
preliminary list of preferred sites was identified with the assistance of the 
Louisiana Cooperative Extension Service's Tangipahoa Parish Extension 
Dairy Agent. Preference was given to: 1) sites tha t would be representative 
of the study area, 2) sites tha t would give a dispersed geographical 
distribution around the study area, and 3) sites for which owner cooperation 
in the research project was anticipated. Letters were sent to each owner on 
the preferred site list requesting their participation in the research project. 
Telephone call follow-up was made with each owner. Agreement to 
participate in the sampling program was obtained from fifteen of eighteen 
individual dairy owners contacted.
Residential sampling sites were added to the sampling program in 
1994. These sites, being free of animal waste as a potential contaminant 
source, were added to provide a contrast to the dairy sites. Residential sites 
were defined as sites at a distance greater than  400 meters from any dairy 
facility. Potential sites were identified as any location outside a 400-meters 
radius of any dairy and within any of the eight VI areas for which dairy 
water well sampling was being conducted. GIS mapping was used to
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Table 13. In itial Vulnerability Assessm ent R esults 
for the B ig Creek Study Area. (Arranged  
by V ulnerability  Index in descending order)
S oil N am e (Symbol) V ulnerability  Index No. o f  D airies
Cahaba (Ca) 6.47 1
Ruston (Rn) 5.97 5
Myatt-My (My) 5.82 0
Ruston-Smithdale (RS)1,2 5.81 or 6.42 14
Savannah (Sa) 5.64 2
Smithdale (Sm) 5.61 0
Ochlockonee (OG)1,2 5.57, 6.02, or 6.92 0
Toula (To) 5.42 3
Fluker (Fu) 5.39 0
Myatt-Mt (Mt) 5.34 0
Malbis (Ma) 5.31 3
Tangi-Ta (Ta) 5.15 20
Tangi-Tg (Tg) 4.98 15
W (water) N \A 0
T otal N um ber o f  D airies  
L ocated  w ith in  the S tudy Area 63
1 The slope data for this soil type is missing from the soils 
database. The VI computation was, therefore, made by using 
an assigned slope rating of 8.8, the rating determined for an 
average watershed slope.
2 This soil type has two or more associated VI computations 
because of the soil's further delineation into sub-classes under 
the broader soil classification.
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delineate potential areas for residential sampling. Dairy owners and other 
area contacts assisted in identifying residences with water wells in any of the 
targeted areas. Ten residential sampling sites were identified.
A total of 26 water well sampling sites were selected. These sites are 
shown in Figure 13, with dairy sites indicated by black circles and residential 
sites identified by the rectangles.
30»56»4S N
o
CD
□
CD
WELL type
£  DAIRY 
a  RESIDENTIALf\J
fSJr> in
30i42«51 N
Figure 13. Water Well Sampling Sites w ith in  the B ig Creek 
Study Area.
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5.1.2 Sam pling Site Description
Detailed descriptions of sampling sites were made through interviews 
w ith well owners, on-site inspections, interviews with local water well 
drillers, interviews with and records of other area resource people, and 
published area information. Site descriptions included well information 
(including location, condition, water quality history), owner information, farm 
management practices, farm records, and potential contaminant sources. 
Each site description was summarized on a site evaluation form. Abbreviated 
versions of these forms are contained in Appendix H. The evaluation forms 
identify each site by a site identification number rather than the owner name 
to provide anonymity to each owner participating in the sampling program.
Well conditions were found to be generally good for most sites. Most 
m et current water well drilling standards, even for those wells th a t were 
developed prior to 1985.8 Six wells were enclosed inside a protective 
building. For all others, both the well head and storage tank were exposed 
to the weather. Most well distribution systems included brass faucets with 
PVC piping. One residential site, however, had lead pipes for a portion of 
the home distribution system. Well depths ranged from 3.28 to 36.59 meters
8
Legislation requiring licensing of water well drillers and the 
registration of all newly constructed wells was passed in 1985. As part of 
the licensing requirements, drillers are now required to meet minimum 
well installation standards. These include proper sealing of the well, 
minimum dimensions for the concrete slab surrounding the well head, 
minimum casing height above the flood plane and above the slab, and 
other design criteria.
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(35 to 120 feet) with the deeper wells being located in the southern part of 
the watershed. All dairy wells were located either within 9.1 meters (30 feet) 
of the milking parlor (for wells dedicated to the dairy) or between 30 and 45 
meters (approximately 100 and 150 feet) of the milking parlor (when the well 
supplied both the dairy and the on-farm residence). All residential wells were 
located within 7.62 meters (25 feet) of the house.
5.1.3 Field Instrum entation
Existing water supply facilities were used in this sampling program. 
Sampling sites were not altered in any way, and no additional on-site 
instrumentation was needed to carry out the sampling program.
5.1.4 Sam pling Procedures
Sampling procedures appropriate for the water well sampling sites 
were established (Task 4.2) with the assistance of Dr. Sam Feagley, Texas 
Agricultural & Mechanical University, Soil & Crop Science Department 
(formerly with LSU's Department of Agronomy). These procedures addressed 
pre-field preparations (as sample bottle preparation) and in-field procedures 
(including cleaning instructions for the sampling point, water well system 
flushing time requirements, and sample collection, handling and storage 
requirements). Dr. Feagley also provided guidance on or specified all 
laboratory and analytical procedures.
Pre-field preparations required scheduling a sampling date and time 
with each owner and with the analytical laboratory; preparing sample bottles;
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and gathering supplies and equipment needed for sampling. Sampling times 
were carefully coordinated with each dairy owner to assure that the sampling 
process would not interfere with the dairy's normal daily operations. The 
sampling schedule is given in Table 14. Sample bottle preparation included 
bottle wash and rinse processes to assure that no contamination due to the 
bottle would be introduced into the sample. Bottles were generally prepared 
one day prior to the sampling date, and were stored with the lids tightly 
sealed. Bottles were also labeled prior to going to the sampling site to 
minimize in-field time requirements. The equipment and supply needs for 
the water well sampling are listed in Table 15. All equipment and supplies 
were provided by the LSU Department of Biological and Agricultural 
Engineering, unless otherwise noted in the table.
Table 14. Sam pling Schedule.
Y ear Sam pling D ates (Month an d  Day)
1993
May 11, 24-25
June 28-29
July 12-13, 26
August 9-10
1994
January 4, 11, 17, 25, 29
February 8-9, 14, 22-23, 28
March 8-10, 14, 22-24, 29
April 5-7
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Table 15. Equipment and Supplies Needed for Field Sampling.
Equipm ent Supplies
Corning Portable pH, 
Conductivity and DO 
Meter (Model M90)
ColorpHast pH Indicator Strips 
(range: 5 to 10 (by 0.5))
pHydrion Vivid Paper pH Indicator 
Tape (range: 1 to 11)
Deionized Water with Applicator 
Bottle
Labcraft® Buffer Solution (Color 
Coded) (pH 4.0 and pH 7.0)
Nalgene™ Translucent Polyethylene 
Sample Bottles (125 milliliters (mL))
Ice Chest and Ice
Miscellaneous Supplies
Sample collection directly from the well was preferred but not 
achievable. Since a sampling port was not available at the well head for any 
of the wells sampled, samples were collected from a cold water faucet located 
as near the well head as possible. At all dairies except one, a cold water 
faucet located inside the milking parlor's cleaning and milk storage room was 
used for sample collection. A faucet inside the milking area was used at the 
other dairy. Sample collection at residential sites was at an outside faucet 
located near the well head, usually within 18 meters.
Removing any faucet attachments, cleaning the faucet to remove any 
solids present, and flushing of the well were done at each site prior to sample 
collection.
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The determination of the water well flushing time required was 
determined experimentally by sampling two wells, selected randomly from the 
dairy sites. Samples were collected at one minute intervals beginning at one 
minute after w ater flow began, and continuing for five minutes. Sampling 
results indicated that the nitrate concentrations at each site varied less than 
two percent during the five-minute sampling period. Correlation coefficients 
computed from these sampling data were 0.2 and -0.07 for the two wells, 
indicating tha t nitrate concentration was not time-dependent at these sites. 
These results supported the belief that the dairy water well system would 
rem ain satisfactorily flushed due to the frequency of well use and the large 
volume of water used in normal dairy operations. Furthermore, the time of 
routine sample collection was usually within five hours (maximum), and in 
most cases, within two hours of the dairy's most recent milking, which 
further helped assure thorough flushing of the well system. As a result, a 
one-minute flushing time was arbitrarily chosen as the flushing time for all 
dairy water well sample collection. The flushing time for residential wells 
was extended to two minutes because of the less frequent water use at these 
sites. (These sites were not a part of the initial testing to determine the 
flushing time.)
One sample was collected from each water well for each sampling date 
(Task 4.3). Sample volume was 125 milliliters (mL). Samples were not 
preserved with acid. Sample bottles containing samples were closed, labeled,
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and placed in ice until they were returned to the laboratory. Samples were 
then refrigerated until time of analysis. Samples that could not be analyzed 
within 48 hours of collection were frozen.
A one time sample was collected from each water well for performing 
a broad water quality screening analysis. A 125 mL sample was collected 
from each well at the beginning of the sampling program. A second screening 
sample was collected from the dairy wells at the time the residential well 
screening samples were collected. These samples were preserved by adding 
two drops of nitric acid to each sample prior to refrigeration.
Field notes were maintained dining each sampling trip to record time 
of sampling, current weather conditions, any unusual condition of the well or 
sampling point, and observations about farm operations and possible 
contaminant sources. Animal waste handling practices were also noted.
5.1.5 Water Quality Param eters
All routine water well samples were analyzed for nitrates and 
phosphates (Task 4.4). On-site measurements of pH, water temperature, and 
electrical conductivity (EC) were also routinely made.
Twenty parameters were evaluated in the broad, one-time water 
quality screening of each well. Screening samples were analyzed for: 
aluminum, arsenic, boron, cadmium, calcium, chromium, cobalt, copper, iron, 
lead, magnesium, manganese, nitrate, nickel, phosphorus, potassium, silicon, 
sodium, sulfur, and zinc.
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5.1.6 Analytical M ethods
W ater samples were filtered through Gehnan Sciences 0.45 millipore 
filters, and prepared for analysis according to guidelines provided by the 
laboratory performing the analysis. Samples were allowed to warm to room 
tem perature prior to preparation for analysis. Initially laboratory procedure 
plans included in-lab pH and EC measurement. Because of repeated 
laboratory instrument failures, these tests were eliminated.
Analyses were conducted by the LSU Department of Agronomy's Water 
Quality Laboratory. The Dionex (Model 20101) Ion Chromatograph (IC) 
instrum ent was used to test all routine water well samples. The ARL Model 
34000 Inductively Coupled Plasma (ICP) instrument was used for the 
analysis of the preliminary screening samples. All IC and ICP analyses were 
performed by the lab's professional staff.
IC operation was according to procedures described in Standard  
M ethods for the Exam ination of Water and W astewater (American 
Public Health Association, 1989) and detailed instructions specified by the 
instrum ent's manufacturer. Columns used were the Dionex AS 4A and 
neutral guard (NG1) columns. Five standard solutions were used to 
calibrate the instrument prior to, and after each run. The five solutions were 
chosen from the SPEX standard solutions (ICCK100, ICCK500, and 
ICCK1000), and the U.S. Environmental Protection Agency standard mineral 
(EPA-M, EPA1:2, EPA1:10) and nutrient (EPA-N) solutions. Additional
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standard solutions used in instrument operation were made up prior to each 
run of the instrument. The commercially supplied solutions, the custom- 
made solutions, and deionized water (DI) were used during instrum ent 
operation to check instrum ent detection performance. The standard 
solutions were chosen depending upon the desired detection ranges for nitrate 
and phosphate. Nitrate detection range was either 1 to 10 mg N O /L  (when 
using low concentration standards), or 10 to 100 mg N O /L (when using high 
concentration standards). The lower limit detection was 0.1 mg P 0 4/L for 
phosphates. A standard solution or DI was injected after every tenth sample 
to check instrum ent accuracy during processing. Filtered DI samples were 
also interspersed among samples to check the filter's impact on the sample 
solution. The instrum ent provided extrapolated results for samples with 
concentrations outside the detection range. Samples showing nitrate 
concentrations greater than 10 mg NO/L were reprocessed by using standard 
solutions to calibrate the instrument for higher detection levels. The 
instrum ent's precision (given a single operator) for nitrate detection is 
reported to be 0.03 mg/L for low concentrations (0.9 mg/L for high 
concentrations) without significant bias at the 95 percent confidence level 
(American Public Health Association, 1989).
The ICP was operated according to procedures described in Standard  
M ethods for the Exam ination of Water and W astewater (American 
Public Health Association, 1989), and detailed instructions specified by the
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instrument's manufacturer. Standard solutions used in instrument operation 
were made up prior to each run of the instrument. Prior to each day's 
operation, the instrum ent's "peaking routine" was run to check consistency 
of wavelength bands produced. Three base elements were run to test the 
performance of the sample introduction system. The instrum ent was 
calibrated by using manufacturer's recommended standard solutions, and 
rechecked by using additional standard solutions. Recalibration was 
performed if detection errors exceeded five percent of standard solution 
concentrations. During operation, a blank and one standard solution were 
injected after every eighth sample, and two standard solutions were injected 
after every sixteenth sample. Instrument drift was checked after every thirty 
samples. Instrum ent recalibration was performed if errors greater than five 
percent were detected. Errors greater than ten percent triggered a rerunning 
of samples. Low end detection levels differed for each param eter tested. 
These values are given in Chapter 6 when the screening sample results are 
reported.
5.2 Data Analyses
All data from the in-field testing and laboratory analyses of the water 
well samples are contained in Appendix I.
The water quality data from the water well samples were entered into 
an Excel spreadsheet for determination of basic water quality descriptive 
statistics (Task 4.7). The statistics of interest were: maximum nitrate
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concentration, minimum nitrate concentration, average nitrate concentration 
of samples, sample standard deviation, number of samples exceeding 3.0 mg 
NOg-N/L nitrate concentration, and number of samples exceeding 10.0 mg 
NOg-N/L nitrate concentration. These statistics were computed for each site, 
for dairy sites, for residential sites, and for all sites combined. Statistics for 
each well were added to the GIS database well records for use in the 
evaluation of the vulnerability assessment procedure.
All water quality data were converted to an equivalent mg N 0 3-N/L 
basis for statistical analyses. Nitrate conversion was achieved by dividing mg 
NOg/L by 4.4.
CHAPTER 6 
RESULTS AND DISCUSSION
6.0 General
Results of this project are summarized and discussed below. 
Presentation of these results are organized into three sections. Section 6.1 
contains vulnerability assessment results, including resulting vulnerability 
delineations. A discussion of the procedure's evaluation findings as applied 
to the Big Creek watershed is contained in Section 6.2. The final section, 
Section 6.3, presents other related issues and discussions. Descriptions of 
problems encountered during the project's implementation are included in the 
discussions.
6.1 Vulnerability A ssessm ent R esults
A combination of GIS-based and manual procedures was required to 
complete the implementation of the vulnerability assessment procedure. 
Results of the procedure's implementation and its vulnerability delineations 
are presented in this section. These are followed by a discussion of the 
vulnerability assessment results.
6.1.1 Determ ination of V ulnerability
Final vulnerability determination was performed for all soils in the Big 
Creek study area. Thirteen soil types were evaluated. Only the soil 
classification identified as water, which consisted of small water bodies and 
ponds, was not evaluated. Input soil param eter values used in the
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calculations of each Vulnerability Index (VI) are given in Table 169. All 
param eter values were taken directly from the soil survey unless otherwise 
noted by footnotes identifying the alternate method of determining the 
param eter value. Parameter ratings (based on soil parameter values and the 
rating tables contained in Appendix D), and weights are given in Table 17.
Table 18 shows the results of the Vulnerability Index computations by 
soil type. Given in the table are soil type, number of GIS polygons in each 
soil type, the calculated VI, total area in each soil type, and percent of the 
watershed in each soil type. The resulting VI values ranged from 4.98 to 6.72 
on a scale of ten, where ten indicated the highest vulnerability. A mean VI 
of 5.675 and a standard deviation of 0.538 was computed for the soil data. 
The Cahaba (Ca) soil had the highest calculated vulnerability (Vl=6.72), and 
made up only 2.12 percent of the watershed. Lowest vulnerability was 
determined for the Tangi-Tg soil tha t has slopes between 3 and 8 percent. 
The Ruston-Smithdale soil constituted the largest soil type, by area, with 35.5 
percent of the basin in this soil type. VI for the Ruston-Smithdale soil was 
5.78.
GIS results indicated 755 individual soil areas within the Big Creek 
study area. Total watershed area, calculated by summing soil areas, was
9 Specific data sources included four tables contained in the detailed soil 
survey and the survey's text describing each soil. Tables included: 
Engineering Index Properties, Physical and Chemical Properties of Soils, 
Soil and Water Features, and Acreage and Proportionate Extent of the Soils.
fTable 16. Soil Param eter Values Used for D eterm ining Param eter Ratings.
S o i l
S y m b o l
P ercent D e p t h  
t o  
W a t e r  
T a b l e 1 
( f t . )  - 
( W T )
P e r m e a b i l i t y 1 
( in /h r )
p H 1
S h r i n k /  
S w e l l  
P o t e n t i a l t* 
(S/S)
S lo p e ?
(% ) ■ 
(SI)
F r e q u e n c y
o f
F lo o d i n g
(FI)
S o i l
T e x t u r e 1
( T x )C l a y 1
(C l)
O r g a n ic
M a t te r *
(O M ) S u r f a c e
( P J
S u b -
S u r f a c e
( P J
Ca 17 1.8 > 6 4 4.5 5.2 low 2 none
sandy
loam
Fu 19 2.3 0.5 1.3 0 .4 5 low 1 none s ilt  loam
Ma 26 1.3 2.5 1.3 0.6 5 low 5.5 none loam
M t 19 2.3 1 1.3 1.1 6 low <1 rare
sandy
loam
My 20 2.3 1 1.3 1.1 6 low <1 occassional
sandy
loam
O 
O I9 24.6 2 >6 1.3 1.24 4.7 low 1.5 frequently s ilt  loam
0 G -
Och.4
11.5 1.25 4 4 2.4 4.5 low 1.5 frequently sandyloam
0 G -
G uy.4 22.3 <2
0.75 1.3 0.96 5.5 low 1.5 frequently s ilt  loam
(table con'd.)
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S o i l
S y m b o l
Percent D e p t h  
t o  
W a te r  
T a b le 5 
( f t . )  - 
(WT)
P e r m e a b i l i t y 1
( in /h r )
p H 1
S h r in k /  
S w e l l  
P o t e n t i a l ?
(S/S)
S lo p e *
(% ) - 
(SI)
F r e q u e n c y
of
F lo o d i n g
(FI)
S o i l
T e x tu r e *
(Tx)C l a y 1
(C l)
O r g a n i c
M a t te r *
(O M ) S u r f a c e
(PJ
S u b -
S u r f a c e
( P J
Rn 24 1.3 >6 1.3 1.3 5.5 low 2 none
sandy
loam
RS-
R us.4
24 1.3 >6 1.3 1.3 5.5 low 5.5 none loam
RS-
Sm ith .4 22 1.3 >6 4 2.1 5.7 low 8.5 none loam
S a 21 1.8 1.5 1.3 0.7 4.5 low 2 none loam
Sm 22.6 >6 1.3 4 2.1 5 low 16 none loam
Ta 37.1 2.3 1.5 1.3 0.5 5.2 mod 2. none clay loam
Tg 37 2.3 1.5 1.3 0.1 5.2 mod 5.5 none clay loam
To 23 2.3 1.5 1.3 0.7 5.2 low 2 none s ilt  loam
W - - - - - - - - - -
Used average value for each depth multiplied by the depth/total depth to determine the value. 
Used average value.
Used the most extreme value (in the direction of increasing vulnerability).
These soils combine with other similar soil phases to form one soil association.
fTable 17. Param eter Ratings Used for the Vulnerability Index Calculations.
S o i l 1
S y m b o l
C l W T O M P . P ., p H S / S S I F I T X
Ca 4 9 9 7 7 4 2 9 1 6
Fu 4 10 7 5 4 4 2 10 1 4
M a 2 10 9 5 5 4 2 9 1 5
M t 4 10 7 5 5 1 2 10 2 6
My 4 10 7 5 5 1 2 10 6 6
O G -R esultant 2.7 8.3 9.7 5.7 5.7 6 2 9 9 4.7
Rn 2 9 9 5 5 4 2 9 1 6
R S-R esu ltant 2 9 9 6 6 4 2 9 1 5
Sa 2 10 9 5 5 7 2 9 1 5
Sm 3.5 9 9 6 7 5.5 2 2 0 5
Ta 2 10 7 5 4 4 6 9 1 3
Tg 2 10 7 5 3 4 6 9 1 3
To 2 10 7 5 5 4 2 9 1 4
W - - - - - - - - - -
C o lu m n
W e ig h t
0.1225 0.065 0.1225 0.2275 0.195 0.035 0.0175 0.117 0.0455 0.0525
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Table 18. Vulnerability Assessm ent R esults by Soil Type.
Soil Type 
(by 
Symbol)
N um ber o f  
Polygons
C alcu lated
V ulnerability
Index
Total A rea  
(square  
kilom eters)
P ercen t o f  
W atershed
Ca 39 6.72 4.54 2.12
Fu 14 5.52 3.54 1.65
Ma 36 5.65 9.62 4.50
Mt 8 5.76 1.82 0.85
My 2 5.94 0.52 0.24
OG 1 6.33 21.41 10.00
Rn 64 5.63 9.87 4.61
RS 78 5.78 75.97 35.50
Sa 15 5.75 2.39 1.12
Sm 4 5.72 1.46 0.68
Ta 139 5.17 43.45 20.30
Tg 99 4.98 31.34 14.64
To 14 5.35 7.20 3.36
W 242 - 0.88 0.41
Total W atershed Area 
(square kilom eters) 214.01 99.98
214.01 square kilometers. Four soil types (Ochlockonee (OG), Ruston- 
Smithdale (RS), Tangi-Ta (Ta), and Tangi-Tg (Tg)) made up more than 80 
percent of the watershed. Each of four other soil types (Myatt-Mt (Mt), 
Myatt-My (My), Smithdale (Sm), and W ater (W)) made up less than one 
percent of the watershed area. Water, which was not evaluated for 
vulnerability, made up only 0.41 percent of the watershed. Excluding water
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(with 242 polygons (areas) identified), the Tangi-Ta soil had the largest 
number of soil polygons identified by the GIS. Eighteen percent of all soil 
polygons were the Tangi-Ta soil. The Ochlockonee soil type formed the 
largest single soil polygon, constituting 10 percent of the watershed.
6.1.2 Vulnerability D elineation
Classification of soils by using the computed VI, the vulnerability class 
intervals defined in Chapter 4, and the individual soil polygons mapped for 
the watershed were used to delineate vulnerability areas. Table 19 shows the 
classification results, including soils contained in each vulnerability class and 
the percentage of the watershed contained in each class. The classification 
yielded two soil types in the highly vulnerable class, ten soil types in the 
moderately vulnerable class, and one soil type in the slightly vulnerable class. 
The highly vulnerable class was the smallest of the classes with only 12.13 
percent of the watershed falling in this class. Forty soil polygons made up 
this class. The moderately vulnerable soils formed the largest class, by 
number of soil types, by number of polygons, and by area, with 72.82 percent 
of the watershed area contained in the class. The slightly vulnerable class 
had only one soil type, but 99 soil polygons, and 14.64 percent of the 
watershed.
A resultant vulnerability map was formed within the GIS by merging 
similarly classified soil polygons. This map, based on the three vulnerability 
classes, is shown in Figure 14.
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Figure 14. Vulnerability D elineations for the B ig Creek 
W atershed, Tangipahoa Parish, Louisiana.
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Table 19. Vulnerability A ssessm ent R esults by Vulnerability
Class.
V ulnerability  
C lass*
Soil Types 
C ontained  
in  Class
N um ber 
o f  Soil 
Polygons
T otal 
A rea  
in C lass 
(sq. 
km.)
P ercent o f  
W atershed  
Contained  
in Class
Highly
Vulnerable Ca, OG 40 26 12.13
Moderately
Vulnerable
Fu, Ma,
Mt, My,
Rn, RS, Sa, 
Sm, Ta, To
374 156 72.82
Slightly
Vulnerable Tg 99 31 14.64
* Water, including lakes and ponds, was excluded from the classification.
The vulnerability delineations of Figure 14 show shallow ground 
water's vulnerability to contamination as determined by this vulnerability 
assessment procedure and the vulnerability classification defined earlier. 
Highly vulnerable soils, shown as dark gray areas, are found in the stream 
valleys throughout the watershed. (The OG soil actually contains the surface 
streams.) The Ca soils are found adjacent to the OG soils, primarily along 
the lower reaches of Big Creek. The medium gray colored areas on the map 
indicate moderately vulnerable areas. They are located throughout the 
watershed, occupying the majority of the land area. These areas dominate 
the central portion of the watershed. The slightly vulnerable areas (indicated 
by the light gray color) are also dispersed throughout the watershed.
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Other GIS-based results by Vulnerability Class are given in Table 20. 
Most registered water wells (76.7 percent) were found on moderately 
vulnerable soils. Highly vulnerable soils had only six registered wells. 
Dairies were similarly clustered on moderately vulnerable soils. Forty-six of 
the sixty-four Big Creek watershed dairies were located on moderately 
vulnerable soils. Three dairies were located on highly vulnerable soils, and 
fifteen on slightly vulnerable soils. When dairy records were checked for the 
presence of a new DEQ no-discharge lagoon system, 25 of the 30 lagoons 
found within the Big Creek basin were located on moderately vulnerable soils. 
No lagoons were installed at dairies on highly vulnerable soils.
Table 20. Other GIS Results by Vulnerability Class.
V ulnerability
Class
N um ber o f  Features Contained W ithin  
the V ulnerability  Class
R egistered  
W ater Wells D airies
D airies w ith  
No-D ischarge  
Lagoon*
Highly
Vulnerable 6 3 0
Moderately
Vulnerable 113 46 25
Slightly
Vulnerable 31 15 5
* Numbers were based on the DEQ lagoons installation 
listing reported as of December, 1994. (Old lagoons (pre-DEQ 
Lagoon Installation Program) are not included in this count).
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6.1.3 D iscussion o f the Vulnerability A ssessm ent R esults
Several difficulties in applying the vulnerability assessment procedure 
were encountered. Areas of difficulty included: 1) valuation of soil factors, 
2) handling of special soil classifications, and 3) incorporation of soils data 
into the GIS. These were, for the most part, pre-GIS problems. Once data 
were inside the GIS, the procedure was easily applied to the study area. 
Vulnerability delineations were also easily achieved once the necessary inputs 
were in the GIS system.
The following discussions focus on first the problems encountered, and 
finally, on the overall vulnerability assessment and delineations results.
6.1.3.1 Soil Factors
The greatest difficulty in applying the vulnerability assessment 
procedure was in assigning a single value to soil param eters tha t were 
reported as having varying or multiple values. This variability was due to 
parameter change in value with depth or due to flexibility built into defining 
the soil type, where a soil could take on a range of param eter values 
depending upon local conditions. All soil param eters except frequency of 
flooding had multiple values reported in the detailed soil survey. The 
decision as to how to assign a single value to each parameter was not always 
a simple or easy one.
Four soil parameters were reported as having depth-dependent values. 
Single param eter values for percent clay content, permeability, pH and soil
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texture values were determined by calculating a weighted resultant value. 
Each stated value was weighted according to the portion of the total soil 
depth for which it applied. Weighted values were summed to form the 
resultant param eter value.
Permeability determination had an additional distinction made 
between surface and subsurface permeabilities, as described earlier in 
Chapter 3. Permeabilities were evaluated by zone. It should be noted that 
the permeability data contained in the soil survey actually reported saturated 
hydraulic conductivity, not true permeability. An effective hydraulic 
conductivity (K,) for each zone was calculated by using the layered hydraulic 
conductivity equation.
Slope and organic m atter content of the soil were assigned an average 
value calculated from the two data points given in the soil survey.
Two other soil parameters, depth to water table and shrink/swell 
potential of clays, were assigned a worst-case value from the range of values 
reported. The most extreme value tha t would contribute to increasing 
vulnerability was chosen.
6.1.3.2 Special Soils C lassifications
Two soil series required special handling to determine the final 
vulnerability index values. The detailed soil survey reported the Ochlockonee 
(OG) and Ruston (RS) soil series as a composite of soils, with unique 
characteristics observed for each soil subset. The RS series contained two
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subsets, while the OG series contained three subsets. The soil survey 
provided guidance as to how to handle these series. The portion of each soil 
contained in the series delineation was reported. These same proportions 
were used in determining a single resultant VI value for the soil series.
The soil association identified as RS contained 60 percent RS-Ruston 
and 40 percent RS-Smithdale soils. VI was determined for each of the two 
soil series (Ruston and Smithdale). Then the percentage of each soil contained 
in the association were applied to each soil's VI to determine the resultant VI 
for the RS soil (i.e., resultant VI equals 60 percent of RS-Ruston VI plus 40 
percent RS-Smithdale VI).
The OG soils formed an undifferentiated soils collection composed of 
three sub-groups: Ouachita, Ochlockonee, and Guyton. These soils were 
lumped together, in spite of greatly differing characteristics, because of the 
perception that they had little useful value for land development, and did not, 
therefore, w arrant further differentiation in the soil delineation. The soil 
delineation for this series was based on 35 percent Ouachita, 30 percent 
Ochlockonee, and 20 percent Guyton, with the remaining 15 percent being 
inclusions of other soil types. These percentages were applied to the 
resultant VI determination10.
1 0  For the VI calculations, the three soil subsets were treated as through 
they made up 100 percent of the soil delineations. The 15 percent included 
soils were excluded from the VI calculation. (Inclusions (when they were 
part of the soil area) were also excluded from all other soil VI calculations.)
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6.1.3.3 Soils Data Incorporation
Full automation of the soils data handling had been the aim of one of 
the project's implementation tasks. This was, however, not achieved in spite 
of several attempts to perform this task. Approaches to incorporating these 
data into the GIS included processing of digital soils data files obtained from 
the NRCS, the creation and execution of control files to import soils data, 
and the direct keyin of soils data. The handling of the digital data was not 
successful for reasons discussed in Chapter 4's data input section. Attempts 
a t extracting selected data from the digital files, and creating control files for 
inputting these data were also unsuccessful. The use of data control files was 
successful, to a limited extent, when it was combined with manual extraction 
of the soils data.
Successful inputting of the soils data was achieved through keyboard 
entry of the final soil parameter ratings as given in Table 17. All soils data 
handling prior to the soil ratings was manual. To automate the processes 
used during the soil data inputting phase of this project would require 
development of an expert system to handle data use decisions, and a 
specialized database for data storage and retrieval that has, to date, not been 
achievable11.
11 The Natural Resources Conservation Service has future plans to develop 
a GIS-compatible digital soils database for the detailed soils survey data 
(SERGO). Other research centers are known to be currently addressing this 
issue also, but the status of their work is unknown.
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6.1.3.4 Vulnerability Index
The vulnerability index values (given in Table 18) showed considerable 
clustering. This clustering was anticipated for the study area because of the 
similarity of soil characteristics and their resulting soil classifications. The 
distinction between soil phases was often made based on the uniqueness of 
only one soil parameter. The Tangi soils, for instance, are very similar in 
character, with the slope of the land distinguishing the Tangi-Ta soil from the 
Tangi-Tg soil. This similarity is apparent from the data presented in Table 
16. The Myatt-Mt and Myatt-My soils are likewise similar with primarily one 
unique distinguishing factor: frequency of flooding. For some soils, the 
param eter values were the same, but the distinction between soil sub-groups 
came from the depth of influence for the particular soil parameter 
characteristics. Therefore, the differences in VI values hinge on the impact 
of the one unique parameter on vulnerability.
The unexpected aspect of the VI results came from the magnitude of 
VI values. The VI values were expected to be higher, indicating higher 
vulnerability. The Louisiana Geological Survey (LGS) has mapped the study 
area as an area at high risk of contamination (Boniol, Autin, and Hanson, 
1988). This determination was based on recharge potential and current land 
use. One possible explanation for the differences in vulnerability magnitude 
is th a t the moderated vulnerabilities identified in this study are attributable 
to the incorporation of the soils' attenuating attributes. The anthropomorphic
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activities included in the LGS mapping most likely added to the higher 
reporting of contamination risk by the LGS. In effect, LGS has reported both 
site vulnerability and contaminant source information to form a pollution 
potential assessment, not simply a vulnerability assessment.
6.1.3.5 V ulnerability D elineations
The appearance of the vulnerability delineations has been greatly 
shaped by the selection of class intervals for the vulnerability classification. 
The selection was a somewhat arbitrary numerical classification, and was 
made to provide some distinction (separation) in the closely grouped 
vulnerability index values. Figure 15 graphically shows the distribution of 
vulnerability index values for all soils contained in the Big Creek basin. The 
only visible break in the VI progression is between the My and OG soils, 
where the VI is between 5.94 and 6.33.
An alternate classification that seems logical would be to choose class 
intervals based on combining similar soil types. This approach could yield an 
alternate delineation that combined all Tangi soils (Ta-To) (where VI is less 
than or equal to 5.35) into the lowest vulnerability class, and m aintain the 
original class interval for the upper vulnerability class (where VI is equal to 
or greater than 6.0). This reclassification would greatly alter the appearance 
of mapped vulnerability delineations, since approximately 38 percent of the 
watershed would appear in the resulting lower vulnerability class instead of 
the currently 14 percent.
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Figure 15. Distribution of Vulnerability Index R esu lts for the 
Big Creek W atershed Soils.
The current VI map (Figure 14) is obviously closely aligned with soil 
type delineations since soil boundaries were used in delineating vulnerability. 
Many individual soil areas remain discernable on the map, showing both 
shape of the soil area and location within the watershed. Other obvious 
relationships discernable from the map are that of highly vulnerable soils and 
the occurrence of Big Creek. Figure 16 shows Big Creek and its tributaries 
superimposed over the highly vulnerable class delineation. The tree-like 
pattern of the highly vulnerable class delineation is reflective of the dendritic 
stream  pattern typical of the area.
The vulnerability delineations are also closely aligned with the 
geologic/geomorphic features of the area. Upland terraces of Pleistocene age 
form outcrop areas of the Citronelle formation, consisting of shallow, fine
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B. BIG CREEK DRAINAGE PATTERNA. HIGHLY VULNERABLE SOILS
Figure 16. The Sim ilarities in  Occurrence of the Highly  
Vulnerable Soils (A) and Big Creek (B).
grained sand aquifers that grade downward to coarse sands and gravel. 
Recent alluvial flood plain deposits overlie the Citronelle formation in the 
central portion of Tangipahoa Parish and along stream valleys. The soil 
delineations (and therefore, vulnerability) are closely aligned with the surface 
distribution of these formations. Higher vulnerability soils (OG and Ca) are 
located in stream valleys as flood plain or stream terrace soils. Their 
distribution corresponds to the distribution of recent alluvial materials. The 
upland soils are generally surface manifestations of the Citronelle formation 
outcrop area. The less explainable occurrence is that of the slightly
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vulnerable soils. These soils occur in small, but widely scattered areas across 
the watershed. They often occur on upland side slopes near the watershed 
boundary, where elevations tend to be higher.
The vulnerability delineation results differ from the recharge potential 
map, but primarily in classification, not in area delineations. The delineations 
of the vulnerability map are very similar to delineations of recharge 
potential. Differences occur, however, in the classification of delineated 
areas. For example, the recharge potential map labels the stream valleys as 
non-recharging while the vulnerability map labels the same area as highly 
vulnerable. The majority of the watershed is delineated as high recharge 
potential, while the same general area is labeled moderately vulnerable by 
the VI procedure. The greatest similarity of the two maps occurs in the 
southeastern section of the basin where a large area of low recharge closely 
corresponds to an large area of low vulnerability.
6.2 Evaluation of Vulnerability Assessm ent Procedure
Evaluation of the vulnerability assessment procedure's VI delineations 
was necessary to determine the reliability or correctness of the delineations. 
Defining a measure of the procedure's reliability was challenging since 
absolute quantification was not readily attainable. A strong, positive 
correlation between the degree of vulnerability and the magnitude of a 
contaminant found in ground water was believed to exist (although 
vulnerability can exist without the presence of contamination in the ground
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water). This relationship was also believed to be discernable, and 
quantifiable. Building on these beliefs, the measure of reliability was, 
therefore, defined in term s of the strength of this relationship.
Point and area vulnerability assessment results for each sampling site 
were compared to each site's computed water quality statistics. Linear 
regression was applied to these comparisons, and the regression equation 
and correlation coefficient (R) computed for each. These results are presented 
and discussed in four sections: water quality results (Section 6.2.1), point 
vulnerability assessment results (Section 6.2.2), area vulnerability assessment 
results (Section 6.2.3), and comparison results (Section 6.2.4).
6.2.1 Water Quality R esults
A total of 265 samples were collected from 26 shallow water wells in 
the study area. Two-hundred and fifteen samples were routine nitrate 
monitoring samples and 50 were water quality screening samples.
The depth of wells sampled ranged from 11.6 meters to 45.7 meters. 
Average well depth was 30.8 meters for dairy wells (standard deviation of 8.5 
meters) and 27.7 meters for residential wells. Based on well age information 
provided by well owners, the average age of the wells was 19.9 years for dairy 
wells and 17.6 years for residential wells.
Well locations, indicated by soil type, are given in Table 21. Wells 
were located on eight of the fourteen soil types found in the study area. Final 
well locations, determined after extensive ground truthing and checking of
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spatial data, differed from the initially indicated locations. Wells sampled 
were concentrated on the Tangi-Ta soil type, with 7 of 26 wells located on this 
soil type. Only one dairy sampling site was found for each of three soil types. 
Six soils had one residential sampling site each. The Malbis (Ma) soil, 
originally targeted as one of the soils from which to obtain well samples, did 
not have a dairy sampling site.
Table 21. Location of Sampling S ites by Soil Type.
Soil Type
N um ber o f  
Sam pling S ites
R esiden tia l D airy
Ca 1 1
Ma 1 0
Rn 1 3
RS 2 1
Sa 1 1
Ta 2 5
Tg 1 2
To 1 3
6.2.1.1 Water Quality Screening R esults
Screening sample results are summarized in Table 2212. Laboratory 
analyses of the screening samples indicated very low concentrations or no
1 2 The laboratory's analytical procedure for detecting arsenic had a detection 
limit higher than the MCL for arsenic. The reported maximum 
concentration of 0.0648 is above the MCL, but below laboratory detection 
limits, which causes the reported concentration to be suspect.
Table 22. Water Quality Screening R esults for Sampled Wells.
Parameter
Detection
Limit
Maximum 
Contaminant Level
Maximum Concentration Average
Concentration
Standard
Deviation1994 1993A
Fe <0.005 0.3 0.0688 - 0.015 0.016
Mn <0 . 0 0 2 0.05 0.1799 0.23 0.026 0.05
Ni <0.025 ns 0.0261 - - -
A1 <0.017 ns 0.0807 - - -
Cd <0.005 0 . 0 1 - - - -
Cu <0.004 1 0.2992 0.14 0.036 0.063
As <0.065 0.05 0.0648 - - -
B <0.014 ns - - - -
P <0 . 1 2 1 ns 0.3829 - 0.223 0.07
Pb <0.087 0.005 - - - -
Zn <0.005 5 0.2306 0.029 0.033 0.049
Cr <0.008 0.05 - - - -
Si <0.030 ns 6.787 5.6 4.761 0.565
Co <0.017 ns - - - -
Mg <0.030 >125 6.07 3.78 0.948 1.224
K <0.184 ns 6.796 0 . 6 8 0.804 1.341
S <0.080 250 (S04) 0.2975 0.23 0.179 0.066
Na <0.030 ns 13.26 9.95 3.815 2.757
Ca <0 . 0 1 1 ns 3.561 3.55 1.186 0.829
Hardness* ns 30.969084 24.3 6.87 6.59
A Dairy sites only.
- Less than detection limits.
ns No drinking water standard established for this parameter. 
* Calculated. 141
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presence of most test parameters. All parameters tested except 
manganese were below the maximum contaminant level (MCL) established 
by EPA for drinking water. Most metals were also below detection limits for 
the analytical procedure used in param eter evaluation. Iron, copper, zinc, 
aluminum, and nickel were below the MCL, and generally nearer the 
detection limits. Manganese concentrations exceeded the MCL at one 
sampling site for both 1993 (0.23 mg/L) and 1994 (0.1799 mg/L). One sample 
contained 0.08 mg/L aluminum, and another contained nickel concentrations 
of 0.026 mg/L.
N utrient concentrations were low, and within a range th a t would not 
cause harmful health effects or contribute negatively to the aesthetics of the 
water. Sulfur and phosphorus had maximum concentrations less than 1 mg/L 
each. Maximum concentrations for calcium, magnesium, potassium, silica, 
and sodium were 3.56, 6.07, 6 .8 , 6.79, and 13.26 mg/L respectively.
Hardness was calculated for each site's screening sample, based on the 
concentrations of calcium and magnesium contained in each sample13. 
Hardness was less than 31 for all sampling sites, with an average hardness 
of 7.
1 3 Hardness was calculated by using the equation:
Hardness, mg equivalent CaC03 = 2.497 [Ca, mg/L]  + 4.118 [Mg, mg/ L]  
While other water quality parameters such as ferrous iron, manganese, 
chloride, and nitrate contribute to hardness, they were not considered in 
this calculation.
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6.2.1.2 Screening Data Discussion
The ground water was free of harmful metals, and had low 
concentrations of the less toxic (to humans) metals such as iron, aluminum, 
copper, nickel, and zinc. At one diary sampling site manganese was observed 
a t concentrations greater than the MCL. Although not a health  threat, the 
manganese concentrations (both 1993 and 1994 concentrations were elevated) 
could cause aesthetic problems as staining of clothing if laundered in the 
water.
Concentrations of other screening param eters were below or near the 
lower detection limit.
Screening sample results suggest th a t ground water in the area is 
generally soft to very soft. (Water having a hardness of less than 75 is 
considered soft water.) The hardness observed at all sampling sites was 
sufficiently low that associated problems could arise. Very soft water causes 
difficulty in removing soap, and contributes to corrosion of water distribution 
system components when pH of water is low. Several owners reported 
"frequent" replacement of water heaters and storage tanks.
Bacterial tests were not performed on any of the samples collected for 
this study. Bacterial data were, however, available for dairy sampling sites 
as a result of the DHH routine monitoring of dairies for health related issues. 
Bacterial data for the wells supplying water to the dairies were obtained for 
1989 through 1992. These data were available for all dairy wells except two.
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The data showed that all tested dairy wells, except two, had negative test 
results for the period of data collection. Two wells (sites D 6  and D16) had 
experienced a positive response to the fecal coliform bacterial test. These 
wells were repeatedly treated, and retested until bacterial contamination was 
no longer detected. Bacterial data were not available for residential sampling 
sites.
The 1994 maximum concentrations for screening param eters were 
associated with four dairy sites and eleven residential sites. (Only fifteen 
screening param eters had detectable concentrations.) Two residential sites 
(R4 and R12) had nine of the eleven residential site maximums. Sampling 
site R4 had maximums recorded for Al, Mg, K, Na, and Hardness, and also 
had concentrations near the recorded maximums for Fe, Mn, P, and S. 
Maximum concentrations for R12 were for Fe, Ni, Cu, and Zn.
Preliminary screening samples gave an overview of ground water 
quality at each sampling site. Ground water quality at these sites was 
generally quite good. The only problems detected were the elevated 
manganese concentrations at one dairy site, and the very soft water observed 
a t all sites. No health concerns associated with the ground water quality, as 
indicated by the screening samples, were detected.
The findings were similar to general water quality characteristics 
reported by others (Winner, 1963; Nyman and Fayard, 1978). Dissolved 
solids less than  30 ppm, pH less than 6.0, and hardness of less than  20 for
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ground water have been reported for the area. Minimum water temperatures 
for shallow wells around 19 degrees C have been reported. Iron 
concentrations were reported to range from 0.03-2.0 mg/L. (This is 
comparable to the 0.07 mg/L maximum iron concentration observed at 
sampling sites participating in this study).
The ground water quality screening data were assumed to be reliable. 
Quality control procedures were rigorously adhered to within the laboratory 
performing analyses. Examination of analytical results indicated, for 
example, that detection of concentration levels showed little variability. 
Seven blank samples (a deionized sample with a known concentration of zero 
for each parameter) were injected at random points during the analyses. 
Calculation of the average blank concentration for sixteen of the nineteen 
param eters indicated tha t each was less than the detection limit for the 
parameter. The presence of three parameters at concentrations greater than 
detection levels was reported for the blanks. The average blank 
concentration for manganese was reported as 0.004 mg/L; 0.57 mg/L for 
potassium; and 0.04 mg/L for sodium. The error in detecting these 
parameters would lead to elevated concentrations being reported. The error 
was sufficient to cause concern for the quality of the potassium data. The 
blank detection error was equal to seventy percent of the average potassium 
concentration reported for samples, and eight percent of the maximum 
concentration reported for 1994. The manganese error was equivalent to 15
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percent of the average sample concentration reported, and 2  percent of the 
sample maximum. For sodium, the numbers were one percent (of average 
sample concentration) and 0.3 percent (of maximum sample concentration). 
The reporting error (as indicated by concentrations reported in the blanks) for 
sodium was not sufficient to elevate any sampling sites to the point of a 
health concern.
6.2.1.3 F ie ld  W ater Q uality  M easu rem en ts 
Results for the field measurements of pH, water temperature, and 
electrical conductivity are given in Table 23. Results for all sampling sites 
indicated the ground water to have a pH range from 3.81 to 8.63. Electrical 
conductivity ranged from 20 to 625 micromhos (/uMHOS). Water temperature 
varied between 19 and 30.4 degrees Celsius (C).
T able 23. R esu lts  o f F ie ld  M easurem ents.
W ater
Q uality
M easurem ent
Summer, 1993 
(May - August)
Winter, 1994 
(January - A pril)
M inim um M aximum M inimum M axim um
W ater
Temperature
(degrees
Celsius)
19 30.4 19.8 25.4
Electrical
Conductivity
CuMHOS)
2 0 184 46 625
pH 4.28* 8.63* 3.81 <5.5
* These data are highly suspect. Instrument operation was often
erratic, with frequent failures.
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Seasonal variations were detected for these param eters, with the 
greatest variability seen for electrical conductivity (EC) and temperature. 
Maximum conductivity was 184 /uMHOS for summer and 625 //MHOS for 
winter. EC readings greater than 100 //MHOS occurred at seven sites (two 
in summer and five in winter). All other sites consistently had electrical 
conductivity reading of less than 81 //MHOS. Seasonal variability in water 
temperatures were also observed, with a 19.8 to 25.4 degrees C winter range, 
and summer tem peratures varying from 19 to 30.4 degrees C.
6.2.1.4 F ield  Data D iscussions
Electrical conductivities were consistently low for most sites during the 
summer 1993 readings. Only one site, DIO, had EC readings consistently 
greater than 100 //MHOS. Readings at this site ranged from 102 to 184. One 
additional site had one EC reading greater than 100 //MHOS (118 //MHOS).
W inter EC data were very limited. Instrum ent failure caused 
suspension of EC readings during the winter sampling period. A partial set 
of readings were obtained on April 5 and 6 , 1994 for ten of the twenty-six 
sampling sites. Five readings were less than 80 //MHOS. Five other 
readings were 121 //MHOS (site R2), 182 //MHOS (site R4), 197 //MHOS (site 
R3), 255 //MHOS (site D5), and 625 //MHOS (site Dl). The extent of missing 
data  for w inter sampling dates makes it impossible to evaluate these data, 
or to compare them to summer EC values. The noticeable changes in EC 
readings could be due to seasonal (and rainfall) differences in the time of
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measurement. This hypothesis can not, however, be supported (or even 
tested) because of the extensive missing data. The repairs to the EC probe 
could have also contributed to change in values reported.
Instrum ent malfunctioning impacted pH readings from the beginning 
of the field sampling. Drift in readings (a noticeable increase in pH readings 
occurred over time ) was observed for each sampling date. Consultation with 
Orion Company, the pH/EC probe manufacturer, yielded an explanation to 
the persistent problems in obtaining pH readings. The pH probe functioning 
is dependent upon EC, and becomes erratic when EC is less than 100 
/l/MHOS14. Alternate field measurements of pH were later achieved by using 
pH test strips, which provided measurements within 0.5 units of pH. This 
form of measurement was used beginning in January 1994. All pH data 
prior to this date was considered totally unreliable.
Laboratory measurements of pH were made initially. Again, 
instrum ent failures (most likely attributable to the low EC of the samples) 
contributed to unreliability of these data also. Laboratory measurement of 
pH was suspended in August 1993 because of the laboratory instrument 
failures and because field measurement of pH was preferred over laboratory 
measurement (field measurement are considered the most realistic reading 
of pH).
1 4 pH measurement is based on the determination of hydrogen ion activity 
between two electrodes. (The measurement is similar to, and tied to the 
determination of electrical conductivity.)
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Test strip measurements of pH yielded consistently low pH readings. 
All pH readings for the test strips showed pH equal to or less than 5.5. Two 
sets of strips were used. One provided 1 unit increments from 1 to 10. The 
other set provided 0.5 unit increments between 5.0 and 14.0. Late winter 
readings were 5.0 for the 0.5 increment strips. These sample readings 
consistently fell between 4.0 and 5.0 for the 1 unit pH strips. As a result, pH 
can, a t best, be reported by the range of data observed. Field measurements 
of pH indicated pH to be between 4.0 and 5.5. This finding was consistent 
with earlier reports of pH less than 6.0 in the area's shallow aquifers.
6.2.1.5 Nitrate
Nitrate concentrations ranged from zero to 12.95 mg N 0 3 -N/L. The 
mean concentration was 0.87 mg N 0 3 -N/L with a standard deviation of 1.75 
mg N 0 3 -N/L. Figure 17 shows the distribution of nitrate concentrations for 
five concentration ranges. The majority of samples, 84.7 percent, had nitrate 
concentrations less than one mg N 0 3 -N/L. Figure 18 shows nitrate 
concentrations typical of this class. Two samples had concentrations in the 
1 to 1.99 mg N 0 3 -N/L range. The 2 to 2.99 mg N 0 3 -N/L range contained 7.4 
percent of all samples (15 samples). The percentage of samples in the 3 to 10 
mg N 0 3 -N/L range was 6.5. Only one sample exceeded 10 mg NOs-N/L.
Individual sampling site water quality statistics are presented in Table 
24. All except seven sampling sites had maximum, minimum, and average 
nitrate concentrations below 1.0 mg N 0 3 -N/L. Standard deviations for the
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Figure 17. D istribution of N itrate Concentrations Conveying  
the Number of Sam ples Contained in Each  
Concentration Range.
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Figure 18. N itrate Concentrations Typical o f Most Sam pling  
Sites.
Table 24. N itrate Statistics for Each Sam pling Site.
Sampling 
Site #
Nitrate Concentration Number o f 
Samples (n)
No. o f Samples Exceeding Well
Maximum Minimum Average Std. Deviation 3 mg-N/L 10 mg-N/L Depth Age
D 1 0 .2 4 0 .1 1 0 .2 0 .0 4 1 2 0 0 1 3 0 3 0
D 2 2 .3 3 0 2 .0 5 0 .6 6 1 2 0 0 1 4 0 2 3
D 3 0 .1 5 8 0 .0 9 7 0 .1 2 0 .0 1 6 1 2 0 0 1 1 0 1 5
D 4 1 .5 0 9 0 .2 9 1 0 .4 7 3 0 .3 2 8 1 2 0 0 1 2 0 1 9
D 5 0 .4 5 0 .2 2 0 .3 6 0 .0 5 1 2 0 0 1 0 0 1 0
D 6 0 .9 2 0 .1 9 0 .4 0 6 0 .1 9 1 2 0 0 5 9 m
D  7 0 .0 6 4 0 .0 4 2 0 .0 5 1 0 .0 0 7 1 2 0 0 1 2 0 3 0
D 8 0 .3 6 8 0 .2 7 3 0 .2 9 0 .0 2 9 1 2 0 0 9 0 2 0
D 9 0 .6 5 6 0 .3 1 8 0 .4 5 7 0 .0 4 8 1 2 0 0 1 2 0 2 0
D IO 1 2 .9 5 0 5 .9 2 .6 1 4 1 3 1 6 5 1 6
D l l 0 .6 6 0 .2 1 7 0 .5 0 .1 1 1 2 0 0 4 5 1 2
D 1 2 0 .4 9 3 0 .2 7 3 0 .4 2 3 0 .0 6 9 1 2 0 0 1 0 9 4 0
D 1 3 0 .4 1 5 0 .1 7 2 0 .2 6 0 .0 9 1 1 2 0 0 1 1 5 1 5
D 1 4 0 .1 0 3 0 .0 8 2 0 .0 9 6 0 .0 0 8 1 2 0 0 1 2 0 2 0
D 1 5 0 .1 1 9 0 .0 7 2 0 .0 9 7 0 .0 1 8 1 2 0 0 1 2 0 9
D 1 6 0 .0 8 6 0 .0 5 5 0 .0 6 7 0 .0 1 1 2 0 0 8 0 m
R1 2 .9 4 1 2 .9 0 8 2 .9 2 0 .2 4 2 0 0 m m
R 2 2 .2 9 2 .2 8 5 2 .2 9 0 .0 0 4 2 0 0 8 0 1 6
R 3 0 .1 8 0 .1 7 5 0 .1 7 7 0 .0 0 3 2 0 0 8 0 1 5
R 4 8 .5 6 5 7 .5 6 1 8 .0 6 0 .7 1 2 2 0 3 8 4 0
R 5 2 .1 4 7 2 .1 4 1 2 .1 4 0 .0 0 4 2 0 0 1 0 5 1 5
R 6 0 .4 1 9 0 .4 1 5 0 .4 1 7 0 .0 0 3 2 0 0 8 0 7
R 7 0 .2 7 0 .2 3 0 .2 5 0 .0 2 8 2 0 0 m m
R 8 0 .0 6 4 0 .0 4 9 0 .0 5 2 0 .0 1 3 0 0 m m
R l l 0 .5 7 6 0 .5 6 9 0 .5 7 3 0 .0 0 5 2 0 0 m m
R 1 2 0 .1 2 4 0 .1 1 3 0 .1 1 8 0 .0 0 8 2 0 0 1 5 0 2 5 151
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majority of samples did not exceed 0.09 mg N 0 3 -N/L. For the seven 
sites experiencing higher nitrate concentrations, the maximum concentrations 
were 2.33, 1.5, 12.95, 2.94, 2.29, 8.57, and 2.15 mg N 0 3 -N/L. The average 
concentration for these sites was as high as 5.9 mg NOs-N/L, and standard 
deviations ranged from 0.004 to 2.6 mg N 0 3 -N/L. The distribution of average 
concentrations shows twenty sampling sites had concentrations less than  or 
equal to 0.57 mg NOs-N/L. The remaining six sites had average 
concentrations greater than 2.05 mg N 0 3 -N/L.
All dairy sites had ground water nitrate concentrations below 0.66 mg 
N 0 3 -N/L a t the beginning of the sampling period (May, 1993). N itrate 
concentrations remained below 0.7 mg N 0 3 -N/L at thirteen of the dairy sites. 
Six residential sites had concentrations that remained below 0.58 mg N 0 3 -N/1 
throughout the field testing. Nineteen of 26 wells had nitrate concentrations 
that remained below 0.7 mg N 0 3 -N/L for the duration of the sampling 
program.
6.2.1.6 N itrate Data D iscussion
The distribution of maximum nitrate concentrations across the 
watershed is shown in Figure 19.
N itrate concentrations tended to cluster into two groups: very low 
concentrations (less than 1.0 mg N 0 3 -N/L), or the middle class ranges where 
nitrates were between 2 and 10 mg NOa-N/L. Only two samples were 
outside these two groups.
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Figure 19. Distribution over the Watershed of Maximum  
Nitrate Concentrations Observed in Sampled Wells.
Elevated nitrate concentrations tended to occur at few sampling sites. 
For example, Figure 20 shows the distribution of nitrate concentrations 
across the sampling period for sampling site #D2. Ten of fifteen samples with 
nitrate concentrations between 2 and 2.99 mg N 0 3 -N/L were taken from this 
well. Site #D10 had most of the samples with concentrations between 3 and 
10 mg NOg-N/L, and had the only sample exceeding 10 mg N 0 3 -N/L.
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Figure 20. N itrate Concentrations at Sam pling Site # D2.
Noticeable increases in nitrate concentrations above the initial 
sampling base level were observed at three dairy sites following a significant 
rainfall event that occurred within the three-day period prior to the June 28, 
1993 sampling. Hurricane Andrew produced 7-day rainfall totals (seven days 
preceding the sampling date) across the watershed in amounts ranging from 
1 0  cm at the Kentwood precipitation monitoring station to 22.7 cm at the 
Franklinton station. One owner in the vicinity of two sampling sites 
experiencing increased nitrate concentrations reported a three-day rainfall 
total exceeding 22.9 cm (nine inches). Two of the three sites were nearer the 
Franklinton station. The third site was nearer the Amite station, which 
reported 10.2 cm rainfall. Eighty-four percent of the monthly rainfall for the 
Amite precipitation monitoring station came in the 7-day period preceding the
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June 28 sampling. The maximum nitrate concentrations observed for these 
three sampling sites were associated with this sampling date.
Elevated nitrate levels persisted at two of these sites for the remainder 
of the field testing. The highest concentration for the field sampling, 12.95 
mg NO3 -N/L, was observed at site DIO on June 28, 1993. The change in 
nitrate concentration from the May 27 sampling to the June 28 sampling was 
the most extreme change observed throughout the sampling period15. An 
increase in nitrate concentration of 12.95 mg N 0 3 -N/L was experienced at this 
site. Following contamination, the mean concentration a t this site was 6.38 
mg NO3 -N/L with a standard deviation of 2.05 mg N 0 3 -N/L. Figure 21 shows 
the distribution of n itrate  concentrations for this site.
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Figure 21. N itrate Concentrations at Sam pling Site # DIO.
1 5 A one month lapse in sampling was due to the closure of the analytical 
laboratory for two weeks in mid-May. This and other lab scheduling 
problems led to the decision to freeze all future samples. This enabled 
sampling to remain on the two week schedule without further interruptions.
156
Sites D2 and D4 also experienced noticeable, but less extreme, jumps 
in n itrate concentrations following Hurricane Andrew's rainfall. Nitrate 
concentrations of 2.33 and 1.5 mg N 0 3 -N/L were observed a t D2 and D4 
respectively. These followed initial concentrations of 0 and 0.36 mg N 0 3 -N/L 
seen at the first sampling. Elevated nitrate concentrations persisted at D2, 
producing a mean concentration of 2.05 mg N 0 3 -N/L and a standard 
deviation of 0.66 mg N 0 3 -N/L following contamination.
Three sampling sites (D2, D4, and DIO) had the largest calculated 
sample standard deviations among the dairy sampling sites. Standard 
deviations of 0 .6 6 , 0.33, and 2.6 mg N 0 3 -N/L were determined for these sites. 
Standard deviations for all other sampling sites were below 0.11 mg NOs-N/L.
Figures 22 and 23 show distributions of nitrate concentrations at dairy 
and residential sites for comparable sampling dates. (Residential sites were 
sampled only in March and April, 1994.) Comparative statistics for dairy 
and residential sites are contained in Table 25. These comparisons indicate 
th a t more residential sites (40 percent) experienced elevated nitrate levels 
than did the dairy locations (19 percent). Two dairy and four residential sites 
had nitrate concentrations greater than the 0.7 mg N 0 3 -N/L background 
nitrate concentrations that persisted throughout the field testing at all other 
sampling sites.
Figure 24 shows the March 22, 1994 nitrate data for sites experiencing 
elevated nitrate concentrations. A peak concentration of 8.57 mg NOs-N/L
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Table 25. Comparison o f Dairy and R esidential Water Wells 
Sampled.
W ater Q uality S ta tis tic
Well Type
D airy R esiden tia l
Maximum Nitrate Concentration, 
mg N 0 3 -N/L 12.95 8.57
Minimum Nitrate Concentration, 
mg N 0 3 -N/L 0 . 0 0.05
Mean Nitrate Concentration, 
mg N 0 3 -N/L 0.79 1.49
Standard Deviation of Mean 1 . 6 6 2.31
Number of Samples 193 23
Percent of Samples Exceeding 
3 mg N 0 3 -N/L 6.7 8.7
Percent of Samples Exceeding 
10 mg NOg-N/L 0.5 0 . 0
Average Depth of Well (Meters) 1 0 1 91
Average Age of Well (Years) 19.9 17.6
was observed on this day at site R l. The maximum dairy well nitrate 
concentration was 5.76 mg N 0 3 -N/L for the same date. Four other sites 
(three residential and one dairy) had same day nitrate concentrations greater 
than  the initial background levels. The elevated-concentration sites shown 
are D2 (2.33 mg NOs-N/L), R l (2.91 mg NOa-N/L), R2 (2.33 mg N 0 3 -N/L), and 
R5 (2.15 mg N 0 3 -N/L).
Most wells experiencing elevated nitrate concentrations were shallower 
than the average well depth, either dairy or residential. Well depths were
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Figure 24. N itrate Concentrations for Sites Exceeding  
Background Levels, March 22, 1994.
11.6, 19.8, 24.4, and 42.7 feet. Well depth data were missing for sampling 
well R l.
The quality control during laboratory handling of samples was quite 
good. Coefficients of determination (R2) were reported for each process run 
to show the strength of the process measurement of a parameter to the actual 
param eter value for known standard concentrations. The range of R2  for 
nitrates was 0.9969 to 0.9991. R2  for phosphates ranged from 0.9994 to 
0.9999. All blank (deionized water) check samples except one had detected 
concentrations of less than  the param eter detection level for each run. 
During one run involving samples for two sampling dates (February 22 and 
March 10), nitrate concentrations indicated in the blank samples averaged 0.4 
mg N 0 3/L or 0.09 mg N 0 3 -N/L. This result affected only the dairy nitrate
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data. IC system adjustments were made during the processing to partially 
offset this error. Additional, non-IC adjustments to the data to correct for this 
error were not made.
Filtered, deionized blank samples were interspersed among the 
samples, and processed. These were added to check the influence of the filter 
on n itrate  and phosphate concentrations. Most results indicated 0.0 mg/L 
nitrates and phosphates detected. Filtered blanks processed during four 
runs, however, showed very low nitrate concentrations reported for some 
blanks. For those runs, only one run had a filtered blank average nitrate 
concentration (0.05 mg N 0 3 -N/L) greater than the lower detection limit for 
nitrates.
Re-analysis of twenty-nine samples was conducted after freezing to 
serve as an indication of the impact of freezing on the nitrate and phosphate 
concentrations. Twenty-four samples were initially frozen, and five had not 
been initially frozen16. Results generally showed a decline in nitrate 
concentrations over time due to freezing. Very low concentration (less than 
1 mg NOg/L) samples showed the most erratic results, with concentration 
changes ranging from a sixteen percent decrease to 140 percent increase. (Six 
samples were in this category.) Five samples in the 1- 4 mg NOg/L range 
showed decreased concentrations from four to ten percent, with one sample
1 6  All water well samples were frozen except the samples from the first two 
sampling dates.
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having a 4.7 percent increase. Samples with initial nitrate concentrations 
greater than 4 mg N 0 3/L showed the least variability, with seven samples 
having decreased concentrations from 1.4 percent to 5.9 percent. (Ten re­
processed samples' results could not be used in the analysis because final 
laboratory results reported concentrations below detection level. These were 
all original concentrations less than 0.5 mg NOg/L.) Differences between 
initially unfrozen and initially not frozen samples were not detected.
6.2.1.7 Phosphates
Phosphates were not detected at any sampling site, dairy or residential. 
While generally not found to move to ground water, phosphate movement 
vertically downward is possible in sandy soils. The test for phosphates was, 
therefore, only a precautionary measure.
The reliability of the sampling results are somewhat questionable. 
Phosphates are know to cling to plastic bottles unless frozen soon after 
collection. The first set of samples were not frozen prior to processing. 
Phosphates, if present in the samples, could have adhered to the sample 
bottle, leading to the zero detection. All other samples were frozen soon after 
collection, and kept frozen until the day of analyses. After thawing, each 
sample was shaken before pouring the sample for filtering and analysis.
6.2.2 P oint A ssessm ent Results
Vulnerability a t each sampling well site was determined by using the 
VI computed for each soil type. The results of this point VI assessment are
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given in Table 26. The results are arranged by the site rank17, with the most 
vulnerable sites presented first. Dairy and residential sites are listed 
separately.
Point Vis for the sampling sites range from 4.98 to 6.72. The median 
VI value was 5.35. The point VI results were found to be clustered ju st as 
the soils vulnerabilities were. Two wells (D ll and R5) were located on highly 
vulnerable soils. Three (D4, D14, and Rl) were on the low vulnerability soils. 
All other wells were located on soils contained in the moderately vulnerable 
class.
6.2.3 Area Assessm ent Results
Table 27 gives results for the three area approaches to assessing 
vulnerability. Shown are the VI and rank for each sampling site and each 
buffer approach to evaluating vulnerability.
The 400-meter buffers resulted in vulnerabilities ranging from 5.08 to 
6.29. The median VI was 5.56. Only five sites had the same VI value for the 
400-meter buffer. Sites D13 and D15 each had a VI of 5.28. Three sites (DIO, 
R3, and R7) had VI of 5.97 and the rank of 6 . All sites fell into the 
moderately vulnerable (21 sites) or highly vulnerable class (five sites). No 
slightly vulnerable sites were identified with this approach.
1 7  When more than one sampling site had the same VI value, those sites 
were assigned the same rank. The next lowest ranked site was then given 
a rank according to its numerical rank in the listing of sampling sites, for 
example, 13 of 26.
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Table 26. Point Assessm ent of Vulnerability for Sam pling
Sites.
P oin t Assessm ent R esults1
D airy  S am pling  S ite R esiden tia l S am plin g  S ite
S ite  # SoilSym bol VP
Site
R an k3 Site  #
Soil
Sym bol VP
Site
R an k3
D ll Ca 6.72 1 R5 Ca 6.72 1
D 8 RS 5.78 3 R4 RS 5.78 3
DIO Sa 5.75 6 R 8 RS 5.78 3
D9 Rn 5.63 9 R 6 Sa 5.75 6
D5 Rn 5.63 9 R ll Ma 5.65 8
D6 Rn 5.63 9 R7 Rn 5.63 9
D15 To 5.35 13 R12 To 5.35 13
D16 To 5.35 13 R2 Ta 5.17 17
D13 To 5.35 13 R3 Ta 5.17 17
D1 Ta 5.17 17 R l Tg 4.98 24
D2 Ta 5.17 17
D3 Ta 5.17 17
D7 Ta 5.17 17
D12 Ta 5.17 17
D4 Tg 4.98 24
D14 Tg 4.98 24
1 Assessment differs from the original assessment because of errors in 
original dairy locational data.
2  A shaded cell indicates that the highlighted VI value was the highest 
vulnerability determined for tha t site.
3  The rank was based on most vulnerable sites being assigned the highest 
rank (lowest number).
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Table 27. Summary of Area Assessm ent of V ulnerability for
Sam pling Sites.
Sampling 
Site #
Buffer Evaluation of Vulnerability
400 Meter 800 Meter Custom
VI Rank VI Rank VI Rank
D1 5.38 18 5.54 18 5.47 18
D2 5.58 1 2 5.62 13 5.56 15
D3 5.46 17 5.57 16 5.49 17
D4 5.26 2 2 5.47 2 0 5.42 2 0
D5 5.66 1 0 5.79 1 0 5.79 1 0
D6 5.65 1 1 5.76 1 1 5.7 1 2
D 7 5.08 26 5.25 25 5.29 24
D8 5.79 9 5.86 9 5.85 9
D9 5.48 16 5.57 16 5.6 13
DIO 5.97 6 6.18 3 6 . 0 1 7
D ll 6 . 2 1 4 6 . 1 6 6.13 2
D12 5.53 14 5.74 1 2 5.75 1 1
D13 5.28 2 0 5.39 2 2 5.42 2 0
D14 5.38 18 5.58 15 5.44 19
D15 5.28 2 0 5.18 26 5.26 25
D16 5.23 23 5.28 23 5.26 25
Rl 5.12 25 5.28 23 5.34 23
R2 5.49 15 5.62 13 5.59 14
R3 5.97 6 5.96 8 5.94 8
R4 6.23 3 5.99 7 6.07 5
R5 6.54 2 6 . 1 1 5 6.04 6
R6 6 . 0 2 5 6.26 1 6.13 2
R7 5.97 6 6.16 4 6.09 4
R8 6.29 1 6 . 2 1 2 6.16 1
R ll 5.56 13 5.49 19 5.55 16
R12 5.16 24 5.41 2 1 5.37 2 2
A shaded cell indicates that the highlighted 
VI value was the highest vulnerability 
determined for that site.
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The VI range resulting from the 800-meter buffers was 5.18 to 6.26. Median 
VI was 5.62. Six sites had non-unique VI values. D2 and R2 had a VI of 5.62 
(ranked 13). The rank of 16 was shared by sites D3 and D9, each having a 
VI of 5.57. D16 and R l had a VI of 5.28, and the rank of 23. Again, no 
slightly vulnerable sites were identified. Twenty sites were moderately 
vulnerable, and six were highly vulnerable. The custom buffers had a 
vulnerability range from 5.26 to 6.16. A VI of 5.6 was the median value. 
Ranked 2, sites D ll  and R6  had a VI of 6.13. Sites D4 and D13 (ranked 20) 
had a VI of 5.42. Sites D15 and D16 had VI of 5.26, and shared the rank of 
25. The distribution of sites among the vulnerability classes were: 1) slightly 
vulnerable sites - zero; 2) moderately vulnerable sites - 19; and 3) highly 
vulnerable sites - seven.
6.2.4 R elationship of V ulnerability to Ground Water Quality
The results of the linear regression analyses of the relationships 
between each water quality statistic and point vulnerability are presented in 
Table 28. Linear regression results for the area vulnerability evaluations are 
found in Tables 29 through 31. These tables report the regression equation 
and correlation coefficient (R) values for each water statistic used in the 
evaluation process.
The point evaluation produced mostly negatively sloped regression 
equations with slightly positive y intercepts. R values ranged from 0.032 for
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Table 28. L inear R egression Analysis R esults for the Point
V ulnerability Assessm ent.
W ater Q uality S ta tis tic
P o in t Regression R esults
Regression E quation R
Maximum N itrate Concentration, 
mg NOg-N/L y=-0.0114x + 1.6115 0.032
Minimum Nitrate Concentration, 
mg NOg-N/L y=0.0493x + 0.012 0.251
Mean N itrate Concentration, 
mg NOg-N/L y=0.0169x + 0.832 0.071
Standard Deviation of Mean y=-0.0153x + 0.4328 0.232
Percent of Samples Exceeding 
3 mg NOg-N/L y=-0.0244x + 0.8974 0.077
Percent of Samples Exceeding 
10 mg NOg-N/L y=-0.0024x + 0.0712 0 . 1 0
Table 29. L inear Regression Analysis Results for the 400 
M eter Buffers.
W ater Q uality S ta tis tic
400 M eter Buffer 
Regression R esults
Regression E quation R
Maximum N itrate Concentration, 
mg NOg-N/L y=0.0955x + 0.1147 0.226
Minimum Nitrate Concentration, 
mg NOg-N/L y=0.0454x + 0.0664 0.23
Mean N itrate Concentration, 
mg NO 3 -N/L y=0.0715x + 0.0679 0.30
Standard Deviation of Mean y=0.0211x -0.052 0.274
Percent of Samples Exceeding 
3 mg NOg-N/L y=0.0611x -0.2991 0.192
Percent of Samples Exceeding 
10 mg NOg-N/L y=0.0037x - 0.0142 0.152
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Table 30. L inear Regression Analysis Results for the 800 
M eter Buffers.
W ater Q uality  S ta tis tic
800 M eter Buffer Regression  
R esults
Regression E quation R
Maximum Nitrate Concentration, 
mg NOg-N/L y=0.1138x - 0.1406 0.315
Minimum Nitrate Concentration, 
mg NOg-N/L y=0.0278x + 0.3135 0.141
Mean Nitrate Concentration, 
mg NOg-N/L y=0.0684x + 0.1114 0.286
Standard Deviation of Mean y=0.0191x - 0.0483 0.29
Percent of Samples Exceeding 
3 mg NOg-N/L y=0.0958x - 0.7863 0.30
Percent of Samples Exceeding 
10 mg NOg-N/L y=0.0067x - 0.057 0.277
Table 31. Linear Regression Analysis Results for the Custom  
Buffers.
W ater Q uality S ta tis tic
Custom Buffer R egression  
R esults
Regression Equation R
Maximum Nitrate 
Concentration, mg N 0 3 -N/L y=0.2055x -0.8223 0.454
Minimum Nitrate 
Concentration, mg N 0 3 -N/L y=0.0359x + 0.1989 0.184
Mean Nitrate Concentration, 
mg NOg-N/L y=0.0622x + 0.1984 0.261
Standard Deviation of Mean y=0.0132x + 0.0336 0 . 2 0 2
Percent of Samples Exceeding 
3 mg NOg-N/L y=0.0664x - 0.3761 0 . 2 1
Percent of Samples Exceeding 
10 mg NOg-N/L y=0.0043x - 0.0228 0.176
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maximum nitrate concentration to 0.251 for the minimum nitrate 
concentration.
Regression results for area evaluations differed greatly depending upon 
which area procedure was used. Similarity in results, however, were seen in 
the consistently positive sloped regression equations. The y intercepts varied 
from slightly negative values to slightly positive values, ranging from -0.82 
to +0.31. R values ranged from 0.141 (minimum nitrate concentration 8 0 0  m) 
to 0.454 (maximum nitrate concentrationcustom).
6.2.5 D iscussion  o f the Evaluation Results
Vulnerability index computation results for the four alternate 
evaluation processes, and the linear regression results are discussed in this 
section. Other discussions on special computational considerations and site 
vulnerability versus w ater quality results are also included.
6.2.5.1 VI Computation
The VI range narrowed as the evaluation process progressed from point 
to area assessment of vulnerability. Increase in buffer area also continued 
to produce further decreased VI ranges, with the custom buffers producing 
the smallest range. Only 0.9 VI units separated the low and high resultant 
VI for the custom buffers. The widest range of VI values was 4.98 to 6.72, 
computed for the point evaluation. The least amount of change in site VI 
occurred in moving from the 400 meter to 800 meter buffer evaluation, whose 
VI values were separated by only 0.13 VI units.
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Point assessment of vulnerability yielded discrete VI values, based on 
the calculated vulnerability of the soils containing the sampled w ater wells. 
Moving the evaluation to the area assessment approach produced VI values 
th a t could take on any value between 1.0 and 10.0. The continuous nature 
of the area VI resulting values led to few duplications of VI values. The area 
approach produced five or six non-unique Vis, with as many as three sites 
taking on the same VI value. The point approach, on the other hand, 
produced no unique VI values, with as many as seven sites taking on the 
same VI value.
The narrowing of VI range with increasing spatial consideration is 
attributable to the effect of multiple soils' characteristics being incorporated 
into a site's VI computation. A VI computed by using the point assessment 
can take on only one value, the VI value of the soil containing the point. 
Using buffers to identify multiple soils contributing to a site's vulnerability, 
optional VI values can result depending upon the particular combination of 
soils within the buffer, and upon the amount of the buffer area each soil 
occupied. Increasing the buffer area generally encompassed increasing 
numbers of soil types. (The 800 meter buffers tended to have more soil areas, 
and approximately the same number of soil types as did the custom buffers.) 
Figure 25 illustrates this point by showing the soil areas contained in one 
custom buffer and the complexity of the soils' arrangement within the buffer
170
R S
M A
0 G ,
M AT O
T O
T OT G '
T GO G
T O
Figure 25. Soil Areas Inside A Custom Buffer Used to 
Calculate the Buffer Vulnerability Index for One 
Sam pling Site.
buffer that were used in computing VI for this site. Incorporating more soils 
into the VI computation divided or diminished the impact of each individual 
soil, producing an "averaging" effect on site vulnerability. The decreasing 
rate  of change of VI range with increasing area suggests tha t a convergence 
of site VI values exists, i.e. tha t site Vis would tend to move toward one value 
as buffer area increases, and for some finite buffer area, the resultant VI 
value would be approximately the same for all sites. This is further 
supported by the fact that median VI for the larger buffers (5.62 and 5.60) are 
near the weighted average VI of 5.67 computer for all soils in the watershed.
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The change in buffer shape from circular to the approximately elliptical 
shape appeared to produce little difference in VI ranges. A range of 1.08 VI 
units was found for the 800 meter buffer. The custom buffer produced a 0.9 
unit change in VI for the sampling sites. VI values for the two buffer styles 
were similar, with the low VI being 5.18 for the 800 meter buffers and 5.26 
for the custom buffers. The custom buffer had the narrower VI range and 
lower median VI value, indicating the custom buffers generally defined a less 
vulnerable area than did the 800 meter buffers.
Median VI values progressively increased from the point through the 
800 m eter buffer evaluation. The point evaluation produced the lowest 
median VI of 5.35. The highest median value, 5.62, was computed for the 
800 m eter buffer. Median VI decreased slightly when moving from the 800 
m eter to custom buffer. The greatest change in median value occurred 
between the point and 400 meter buffer evaluation, where an increase in VI 
of 0.21 VI units was seen.
The number of highly vulnerable sites increased progressively as the 
evaluation proceeded from point to custom buffer. Two sites were classified 
as highly vulnerable by using the point assessment. The number increased 
to five for the 400 meter evaluation. Slight increases in the number 
continued to result with later evaluation approaches, with six identified for 
the 800 m eter buffer approach and seven identified for the custom buffer 
approach.
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While VI ranges narrowed with increasing spatial examination, the 
number of highly vulnerable sites identified and the median VI value 
increased. Several reasons for this are offered. 1) The sampling sites 
selected were not uniformly distributed among the Big Creek soils as had 
been indicated in the initial sampling plan. This was attributed to site 
locational errors, either associated with initial mislocation of sites or 
mislabeling of the soils containing the selected site. 2) Five soils were 
excluded from the sampling program because of the absence of dairies, and 
were, therefore, not represented in the point assessment. Average VI of the 
excluded soils was 5.85, which is higher than the watershed average VI of 
5.68. This biased selection of sampling sites skewed the point VI results to 
lower VI values. The buffered approach to determining vulnerability allowed 
for the possible incorporation of all Big Creek soils in the VI determination.
3) The effects described in 1) and 2) produced an increased number of highly 
vulnerable sites. The median VI value was influenced by this increase in 
number of high end VI values, resulting in an increasing median VI with the 
area buffers.
Figures 26.A through 26.C show how each sampling site's VI changed 
with change in assessment approach. Most sites had an increase in VI with 
the progression from point assessment to the use of larger and larger buffer 
areas for the VI assessment. Noticeable exceptions to this are sites D ll  and
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R5, tha t were sites classified as highly vulnerable by using the point 
assessment. For these two sites, vulnerability progressively declined with 
application of later approaches. Four other sites had the highest VI values 
for the point assessment, with later VI values fluctuating erratically. 
Referring back to Tables 26 and 27 where each sampling site's largest VI 
has been highlighted, it can be seen that point assessment produced six site 
highest VI values. The 400 meter buffers produced only three, while custom 
buffering produced five. Thirteen site high VI values resulted from use of the 
800 meter buffers.
6.2.5.2 Special Com putational Considerations
The point VI results differed from the initial VI assessment results. 
The changes in the final assessment Vis occurred because of: 1) completion 
of the data records for the final assessment, 2 ) alterations of the method of 
determining some soil parameter values, and 3) adjustments to site locations 
resulting from ground truthing information. In the final point assessment, 
VI values increased for 8  sites, and decreased for 8  sites. (Residential sites 
were not included in the initial assessment.) The largest change was seen for 
sampling site # D4, where VI changed from an initial value of 5.94 to the 
final value of 4.98. Since final assessment results were based on complete 
data records, they are, therefore, considered the more correct point VI results. 
Initial vulnerability assessment results were used only in the sampling sites
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selection process, and were not used in any of the procedure evaluation 
processes.
Water was included in the area evaluation of VI when it made up more 
than  1 percent of any site's buffer area. Water was assigned a VI based on 
the soil type containing the water body. (Water bodies were small, and did 
not cross multiple soil delineations.) This decision impacted eight sites in 
each of the buffering evaluations.
Area calculations were reviewed for each buffer generated to check the 
GIS system's consistency in generating buffers. The 400 m eter buffer's 
theoretical total area was 50.265 hectares. The sum of GIS system-generated 
resultant soil areas inside the 400 meter buffers ranged from 50.16 to 50.19 
hectares, except for two that were 49.13 and 51.2 hectares. The error 
associated with the majority of the 400 meter buffers was less than 0.2 
percent deviation from the theoretical area. The calculated error associated 
with the two extreme area values was 2  percent. The 800 meter buffers and 
the custom buffers had similar results. Theoretical area for these buffers 
(which had the exact same area) was 201.0619 hectares. System resultant 
areas ranged from 200.66 to 200.69 hectares for the 800 m eter buffers, and 
200.66 to 200.7 hectares for the custom buffers. Deviation of these buffers 
from the theoretical buffer area was less than 0.2 percent. One 800 meter 
buffer's resultant area 199.87 hectares was in error by 0.6 percent. The GIS
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system consistently generated soil buffer areas, thus yielding vulnerability 
data tha t was reliably comparable.
Four sampling sites had buffer areas that extended beyond the Big 
Creek watershed. Sampling sites R l, D14, D15, and D16 were affected. This 
produced no problem in vulnerability determination since soils data were also 
available for the extended areas. It could, however, impact interpretation of 
water quality results for these sites, although only to a limited extent, since 
dairy data were available for most of the extended area. Site R l buffers 
extended beyond the parish boundary, where dairy data were not available.
6.2.5.3 Linear R egression
Point analysis results show that data for most relationships between 
vulnerability a t a point and the occurrence of nitrates in ground water 
indicated a negatively sloped relationship. Only minimum and average 
nitrate concentrations yielded positive regression equations. Correlation 
coefficients (R) for the point evaluation ranged from 0.032 to 0.232. The low 
R for these data may indicate th a t the parameters are not strongly related, 
tha t vulnerability assessed at a point does not adequately represent "true" 
vulnerability, or simply that the current data inadequately portray the actual 
relationship between these param eters at the point scale. The coefficients 
of determination, ranging from 0.001 to 0.054, further suggest tha t these 
relationships are weakly linear or th a t the relationship between the two is 
not adequately represented by a linear model (at this scale of evaluation).
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Area assessments showed quite varied regression equation and 
correlation coefficient values that depended upon the particular water quality 
statistic and buffering approach examined. In general, however, area 
assessments provided more positively correlated results than did the point 
assessment. Regression equation slopes were always positive and R values 
where almost always higher for the area assessments.
A summary of the evaluation process results is found in Table 32. 
Shaded cells in the table highlight the largest R value found for each water 
quality statistic. The associated evaluation approach that provided the 
strongest relationship between vulnerability and each statistic can be 
determined by noting the column heading for the highlighted cell.
The comparisons of the evaluation approaches can be made by 
examining Table 32. The custom buffer yielded the largest R for maximum 
nitrate  concentration and the largest overall R value of 0.454. Minimum 
nitra te  concentration was most strongly correlated to the point assessment 
as indicated by the R of 0.251. The 400 meter buffer produced the best 
results for average nitrate concentration with an R value of 0.30. All other 
w ater quality statistics were most strongly correlated to vulnerability 
assessed for the 800 meter buffers. The best correlation with the 800 meter 
buffer was determined for the percent of samples exceeding 3 mg N 0 3 -N/L.
An examination of maximum nitrate concentration results showed 
increased correlation with increasing size of assessment area. Regression
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Table 32. Summary of the Evaluation Processes.
W ater Q uality
R  R esu lting  from  the E valuation  
Approach*
S ta tis tic
P oin t 400 M eter Buffer
800 M eter 
Buffer
Custom
Buffer
Maximum Nitrate 
Concentration, mg N 0 3- 
N/L
0.032 0.226 0.315 0.454
Minimum Nitrate 
Concentration, mg NOg- 
N/L
0.251 0.23 0.141 0.184
Mean Nitrate 
Concentration, 
mg NOg-N/L
0.071 0.30 0.286 0.261
Standard Deviation of 
Mean 0.232 0.274 0.29 0.202
Percent of Samples 
Exceeding 
3 mg NOg-N/L
0.077 0.192 0.30 0.21
Percent of Samples
Exceeding
10 mg NOg-N/L
0.10 0.152 0.277 0.176
* Shaded cells indicate t]tie higheslt R for each water quality statistic.
equations were positively sloped with considerable improvement in R 
occurring when moving from the point assessment (R of 0.032) to the 400 
meter buffer assessment (with an R of 0.226). R increased to 0.315 when the 
800 meter buffers were used. A jump in R occurred when going from the 
circular 800 meter buffer to the custom shaped buffer of similar area. An 
R of 0.454 indicated that more of the variability of the maximum nitrate 
concentration is directly explainable by the vulnerability assessment
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procedure when the custom buffer approach is used. The relationship is, 
however, still only marginally linear, as indicated by the R2  of 0.206, and its 
significance is uncertain. Figures 27.A-.D show the linear regression results 
for each of the four evaluation approaches relationships.
Minimum nitrate concentrations were more closely related to 
vulnerability when the assessment was made at the point scale (indicated by 
the R of 0.251 which was the largest value determined for minimum nitrate 
concentration evaluations). The regression equation was positively sloped, 
showing minimum nitrate concentration increasing as point vulnerability 
increased. This relationship suggests that minimum nitrate concentrations 
are controlled or determined by very localized conditions. Given th a t the 
minimum nitrate concentrations were generally less than one mg N 0 3-N/L 18, 
the nitrogen sources contributing to the minimum concentration are possibly 
naturally occurring nitrogen sources as local soils, and not contaminant 
related. If this should be true, the minimum nitrate concentrations would be 
indicative of background nitrate concentration levels.
The 400 meter buffers produced the best correlation for the average 
nitrate concentration only. The R of 0.30 was the fourth highest resulting 
for the sampling data. This result is most likely related to the "middle"
18
The USGS has indicated nitrate concentrations less than 3 mg N 0 3-N/L as 
being naturally occurring nitrates. Concentrations greater than 10 mg NOg- 
N/L are attributed to contamination. The origin of concentrations between 
these values are questionable.
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position of the 400 meter buffers, i.e. half way between a point (zero 
dimension) and an 800 meter buffer, and having an area half the size of the 
other area buffers. Its VI range was widest among the area approaches, and 
its median VI was an intermediate value. These results describe the 400 
meter buffers as producing an "average" vulnerability. From review of these 
findings, it is understandable that this middle position would be more closely 
aligned with the average nitrate concentration than would be the results of 
the other approaches. If water quality and vulnerability are linearly related, 
then a position like or representing an average vulnerability would be 
expected to correlate more strongly to the average water quality position than 
would other, more extreme vulnerability positions.
The 800 meter buffers yielded the highest R for three water quality 
statistics: standard deviation, percent of samples exceeding 3 mg NOa-N/L 
and percent of samples exceeding 10 mg N 0 3 -N/L. The 800 meter buffers had 
the highest median VI, and produced the highest VI values for 13 of 26 sites. 
This suggests th a t the 800 meter buffers produced more extreme 
vulnerabilities, particularly the high end extremes. As many as 25 or more 
individually delineated soil areas resulted for each buffer, creating a more 
complex assessment of vulnerability than for either of the other buffer 
approaches. This extreme nature of the 800 meter buffer Vis may partially 
explain the higher R values found for its comparison to some of the water 
quality statistics, particularly those conveying information about extremes.
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The correlation coefficient differed for each water quality statistic/ 
vulnerability relationship evaluated. This raised the question of which water 
quality statistic to use in the evaluation of the vulnerability assessment 
procedure. Since assessment of ground water's vulnerability to contamination 
is the focus of this study, the most logical statistics to consider, in my 
opinion, would be either the maximum concentration or the percent of 
samples exceeding 10 mg N 0 3 -N/L (the MCL for nitrates in drinking water 
and the concentration USGS personnel believe is attributable to n itrate 
contamination). Given this choice of water quality statistics to examine, the 
best vulnerability assessment approach to apply for evaluating the 
vulnerability assessment procedure would be either the 800 m eter buffer 
approach or the custom buffer approach.
The findings of this evaluation strongly suggest: 1) tha t the 
vulnerability assessment procedure, as currently formulated, is not very 
successful a t indicating current ground water nitrate concentrations, 2 ) tha t 
site vulnerability provides only a partial explanation of ground water's nitrate 
concentrations, or 3) that a combination of these two are true.
Based on these approaches to evaluating the vulnerability assessment 
procedure and the results the evaluation yielded for the project data, the 
vulnerability assessment procedure was determined to be ineffective to 
moderately successful at conveying the vulnerability of the sampling sites to 
nitrate contamination. The point and 400 meter buffer approaches appear to
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be completely ineffective at indicating vulnerability to nitrate contamination. 
The 800 m eter and custom buffers are moderately effective at indicating 
vulnerability (indicated by the R values of 0.315 and 0.454 for the maximum 
nitrate  concentration relationship to VI). The vulnerability assessment 
procedure, when combined with these approaches, accounts for approximately 
1/3 to one half the variability in nitrate concentrations (depending upon 
which buffer approach was used). The R 2  values for the 800 meter and 
custom buffer approaches (0.099 and 0.206) suggest that only a marginally 
linear relationship exists, if linearity exists a t all, between vulnerability and 
maximum nitrate concentrations.
A perfectly linear relationship with a 1:1 correspondence between 
vulnerability and a w ater quality param eter is unrealistic, given that site 
vulnerability is not the only contributor to n itrate occurrence in ground 
water. The presence of a contaminant source, and of a land use activity that 
provides opportunity for a contaminant to enter the subsurface environment 
also contribute to nitrate occurrence in ground water. Without these 
components, nitrate sources would be limited to naturally occurring sources 
as soils. Site vulnerability may not even be the major factor in determining 
ground water contamination from nitrates. Therefore, a more realistic 
expression of this relationship could be something less than a 1 : 1  linear 
regression ratio between vulnerability and nitrate concentration. The 
selection of an alternate ratio to indicate success would, however, be
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subjective, and is unnecessary for this study. It could, however, cause the 
present project results to appear to be more significant. It is sufficient to 
sum the results of this study in terms of the "relative" vulnerabilities that 
have been examined during this study.
The buffer approach to evaluating vulnerability produced better 
correlation between vulnerability and most water quality statistics than  did 
the point assessment approach. The generally improved R with change in 
assessment approach from point to area assessment supports the hypothesis 
tha t vulnerability is a "spatial" phenomena. Since this assessment procedure 
was based on soils data as its foundation, the results are also likely to reflect 
the improved accuracy achieved when assessing soils-based vulnerability as 
an area feature rather than  as a point feature. (Accuracy of the soils data 
was indeterminant for a point in space, but was known to be 90 percent when 
data were used in a spatial context).
The custom buffer approach produced the best results for evaluating 
maximum nitrate concentration. These buffers provided more unique and 
realistic characterization of each site, taking into consideration a more likely 
recharge area (origin of nitrates). Vulnerabilities were generally lower 
(though only slightly) than those produced by the 800 meter buffers. While 
the 800 meter buffers produced more vulnerable sites and the largest R for 
three water quality statistics, it provided a thirty-one percent lower R value
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(0.315 versus 0.454) for maximum nitrate concentration when compared to 
the custom buffers.
The 800 meter buffer results were more strongly related to the 
occurrence of nitrate concentrations exceeding 10 mg N 0 3 -N/L than was the 
custom buffer approach. R was 0.277 for the 800 meter buffer, compared to 
0.176 for the custom buffers. Neither shows a particularly strong 
relationship.
The results of this study are not conclusive. Vulnerability can be real 
and present without any deterioration of ground water quality occurring 
(whether due to the lack of a contaminant source, the lack of an opportunity 
for contamination, or insufficient contaminant quantity). In the absence of 
deteriorated water quality, a low R would result when the vulnerability to 
water quality relationship was evaluated. Thus, the assessment procedure 
would appear to be incorrect or ineffective for assessing vulnerability if R was 
the only measure of success, and if contamination was not present.
The custom buffers provided the best correlation between VI and 
maximum nitrate concentration. The strength of this relationship suggests 
that the vulnerability assessment procedure when combined with the custom 
buffer approach offers the more meaningful assessment of vulnerability 
relative to the other approaches evaluated here.
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6.2.5.4 E levated N itrates and Site VI
Final comments on the four vulnerability assessment approaches 
relative to those site that experienced elevated nitrate concentrations is 
needed. Table 33 summarizes the information for these six sites. Three out 
of six sites had the largest VI value calculated using the 800 m eter buffers. 
The other sites had one of the other three approaches produce the highest VI. 
Site DIO and R4 had the only nitrate concentrations greater than 3 mg N 0 3- 
N/L. For these two sites, the 800 meter and 400 meter buffers produced the 
highest VI values respectively.
Table 33. Summary of VI R esults for Sam pling Sites  
Experiencing Elevated N itrate Concentrations.
Sam pling  
Site  #
M aximum
N itra te
Concen­
tra tion
VI E valuation A pproach*
Well
D epth
P oin t 400M eter
800
M eter Custom
D2 2.33 5.17 5.58 5.62 5.56 140
D10 12.95 5.75 5.97 6.18 6 . 0 1 65
R1 2.94 4.98 5.12 5.28 5.34 m
R2 2.29 5.17 5.49 5.62 5.59 80
R4 8.57 5.78 6.23 5.99 6.07 38
R5 2.15 6.72 6.54 6 . 1 1 6.04 105
* Shaded cells highlight the highest VI del:ermined for each sampling
site.
When linear regression was applied to these sites only, higher 
correlation coefficients resulted than where seen for all sites. The area 
approaches produced noticeably higher R values for most water quality
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statistic/VI combinations. R values for maximum nitrate concentration were 
0.174 (point), 0.609 (400 meter), 0.339 (800 meter), and 0.487 (custom).
These sites had well depths below the average depth of all wells. D10 
and R4 were the shallowest two wells. These two sites also had a similarly 
unique location relative to the potentiometric map. They were adjacent to Big 
Creek, and located at a point of converging ground w ater flow paths, which 
made it difficult to determine a predominant flow direction to use in 
constructing their custom buffers. Because of this position, a more realistic 
pattern for delineating flow contribution to these wells might be a more 
sweeping, fan-shaped (or V-shaped) pattern.
6.3 Other D iscussions
The focus of the research topic was to answer the question "Is GIS 
useful in assessing shallow ground water vulnerability?" The project was 
successfully implemented using GIS, although the level of automation 
originally sought was not achieved.
Several positive and negative aspects about the use of GIS for this 
project need to be noted. The weight of the benefits versus the constraints 
is dependent upon the perspective of the person examining the results.
Key positive aspects of the GIS use in vulnerability assessment 
included the reliability of the system results, and the ease of system use once 
data were inputted. The visual aspects of the GIS were also very beneficial 
to most phases of this project.
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System reliability was seen in its ability to make accurate calculations, 
and consistently reproduce this accuracy. A good match between system- 
calculated basin area and soil areas within the basin was found. The 
watershed area was calculated to be 214.0 square kilometers or 21,399.7 
hectares. Watershed area determined from the sum of soils areas contained 
inside the basin was 214.01 square kilometers or 21,401 hectares. As stated 
earlier in the discussions, system extraction of soil areas inside buffer areas 
had very little deviation from the theoretical area for the buffer design. 
Reproducibility of the results was also quite good.
The ease of data handling once contained in the GIS system was 
another strong point for GIS use in the vulnerability assessment. A 
correction to or alteration of the vulnerability assessment results required 
simple, quickly performed change in database record. Particularly important 
was the ease of handling spatial data. While few datasets were required for 
the implementation of the vulnerability assessment procedure, many 
datasets were used in comparing results, searching for explanations to the 
occurrences of nitrates in the ground water, and testing alternate approaches 
to evaluating the success of the vulnerability assessment procedure. These 
(in most instances) could be quickly and easily achieved, with results 
immediately visible graphically.
Several problems were encountered during the GIS implementation of 
this project. Four problems, in particular, will be discussed here because of
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the importance of their impact on the final GIS vulnerability assessment 
product. These are:
1 ) difficulty in learning/operating the GIS system,
2 ) data inputting and handling difficulties,
3) system limitations of buffering, and
4) software limitations on output capabilities.
Other one-time problems or frustrations of operating the system were often 
encountered, but not relevant to this discussion.
Undoubtedly the greatest difficulty encountered in attem pting to 
establish a GIS-based vulnerability assessment procedure was the difficulty 
in learning to operate the GIS system. Little classroom instruction was 
available, and few people were available for instruction, guidance, or 
consultation when problems arose. The Intergraph GIS system is a large, 
very complex collection of software interacting with each other and the 
hardware. Software developers consistently indicate that a minimum of one 
year (full time) is required to learn basic GIS operations. Users of the 
Intergraph GIS products have indicated as many as five to eight years 
required to master basic GIS skills and the Intergraph products. While the 
Intergraph GIS products are reported as being ideal for engineering 
applications, the very lengthy learning curve is a great limitation of the 
product's usefulness. The use of GIS for one project would never be an 
efficient or economically feasible option.
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Problems associated with the data inputting and internal system 
handling were encountered. Problems encountered were more often a question 
of input data quality, as was the case in the dairy locational data errors 
leading to errors in assessing farm vulnerability and misled sampling site 
selection. Since attribute data were coming from different sources, difficulty 
in merging and matching records limited the ability to complete some records. 
Scale differences in the data led to some problems when combining the 
watershed boundary with other design files. Inability to input the soils data 
(discussed earlier) caused the GIS vulnerability assessment procedure to not 
be fully automated, as had been the original goal. (Data verification also 
caused many problems. This was not a difficulty attributable to system 
operation, but rather to the nature of the particular data.) Data handling 
problems were, for the most part, not directly attributed to GIS software 
limitations, but rather to database limitations.
The use of the buffering approach to evaluating the vulnerability 
assessment procedure proved to be a very complicated process because of the 
GIS system's limitations of buffering (discussed earlier in Chapter 4). The 
inability of the software to allow retention of overlapping buffer areas forced 
the m anual creation of buffer features. (Attempts at alternate approaches 
were unsuccessful.) This led to much manual manipulation of graphics and 
data to achieve buffer evaluations. The Intergraph software's inability to 
handle multiple buffer zones that overlap greatly limits the software's
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usefulness for engineering, particularly environmental engineering, 
applications.
Software limitations on output capabilities were mostly limitations of 
the particular hardware and software available for the project's 
implementation and are not necessarily limitations for other Intergraph 
projects. Software limitations included limited reporting of an entire dataset 
because of data volume, obtaining an acceptable scaling relationship between 
a map and its text, and difficulty in defining cross hatch spacing acceptable 
for the design file. The inability to produce gray scale map products from 
color maps greatly limited the map output products th a t could be achieved, 
especially when combined with the problems associated with cross hatching.
Overall, GIS effectiveness a t implementing the vulnerability 
assessment procedure was very questionable. The shortcomings of the 
available software greatly limited the project's implementation and outputs. 
The GIS system provided graphical display, but only limited analytical 
capabilities and very limited output products. Widespread use of the VA 
procedure would be very unlikely because of the difficulties encountered with 
the GIS implementation.
CHAPTER 7 
CONCLUSIONS
7.0 Sum mary and Conclusions
This project failed to yield successful attainm ent of it's research goal - 
to development and implement a reliable GIS-based vulnerability assessment 
procedure. While a vulnerability assessment procedure was developed and 
tested, two serious deficits of the procedure were found: 1 ) complete GIS- 
based implementation was not achieved, and 2 ) reliability of the procedure 
remained uncertain after completion of field testing and procedure evaluation.
The Intergraph MicroStation GIS software used in this project proved 
to be of very limited value in implementing the vulnerability assessment 
procedure developed during this research. In fact, when examined in context 
of the definition of GIS given in Chapter 1 , the procedure would not be 
considered a GIS-based procedure. Since incorporation of soil attribute data 
was not achieved, manual determination of vulnerability was required for 
procedure implementation. (Full automation of the procedure was never 
achieved.) Once the VI values were added to the GIS database, vulnerability 
delineations were easily achieved by using the GIS. Other GIS analyses, 
particularly procedure evaluation by buffer zone generation, required much 
tedious, almost manual manipulation of data and graphics inside the GIS. 
The GIS did provide very accurate and reliable graphical results, but again,
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the Intergraph GIS software and hardware products available limited the 
output products. Overall, GIS provided an enhancement to (and sometimes 
a hinderance to) project implementation, but did not accommodate full GIS- 
based implementation of the vulnerability assessment procedure.
The evaluation of the procedure by using linear regression indicated 
tha t the area assessment approaches consistently provided better correlation 
between vulnerability and water quality than did the point assessment 
approach. The 800 meter buffers and custom buffers provided the most 
reliable vulnerability assessment results for maximum nitrate concentrations 
and for percent of samples exceeding 10 mg N 0 3 -N/L. The best correlation 
achieved was 0.454, which was determined for the VT/maximum nitrate 
concentrations relationship when using the custom buffered area (drawn 
upgradient of the well) to determine water well vulnerability. While the 
buffer approaches yielded better results, the low R values, which ranged from 
0.03 to 0.454, suggested that the procedure did not adequately describe 
vulnerability.
A perfectly linear relationship between vulnerability and a water 
quality parameter, presumed to be indicated by a R value of one, may be 
unrealistic, given that site vulnerability is not the only contributor to nitrate 
occurrence in ground water. The presence of a contaminant source, and of a 
land use activity tha t provides opportunity for a contaminant to enter the 
subsurface environment also contribute to nitrate occurrence in ground water.
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W ithout these components, n itrate sources would be limited to naturally 
occurring sources as soils, and nitrate occurrence in ground water would most 
likely be low. Therefore, a more realistic correlation coefficient of some value 
less than one should be used as the indicator of the vulnerability assessment 
procedure's success. While the selection of an alternate ratio to indicate 
success was not undertaken during this study, failure to do so could have 
caused the present project results to appear less significant than they might 
actually be.
As indicated above, vulnerability can be real and present without any 
occurrence of ground water contamination. In the absence of deteriorated 
w ater quality, a low correlation coefficient would result when the 
vulnerability to water quality relationship was evaluated. Under this 
condition, the assessment procedure would appear to be incorrect or 
ineffective at assessing vulnerability when the absence of a contaminant 
would more correctly describe the situation. Field testing of ground water 
quality across the study area showed good water quality with consistently low 
hardness, little to no presence of toxic metals, and only two occurrences of 
MCL violations (one for manganese and one for nitrates). The ground water 
was acidic with pH consistently between 4 and 5.5. Most nitrate 
concentrations were below 3 mg N 0 3 -N/L, and most likely attributable to 
naturally occurring nitrogen/nitrate sources. Only two sites (one residential 
and one dairy) had concentrations exceeding this nitrate level. These findings
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may indicate either that vulnerability to ground water contamination is low 
for the study area, or that a contaminant is not present in sufficient quantity 
to result in contamination. The findings may also wrongly contribute to the 
conclusion tha t the VA procedure was ineffective a t assessing vulnerability. 
The use of an alternate correlation coefficient value as the indicator of 
procedure success, again, could have helped overcome this incorrect or 
indecisive conclusion.
The results of the vulnerability assessment procedure's field testing 
and evaluation were not conclusive. Based on the approaches used to 
evaluate vulnerability and the results the evaluation process yielded for the 
field sampling data, the vulnerability assessment procedure was determined 
to be ineffective to moderately successful at conveying the vulnerability of 
the sampling sites to n itrate contamination. The findings strongly suggest: 
1 ) tha t the vulnerability assessment procedure, as currently formulated, did 
not adequately assess vulnerability to nitrate contamination, 2 ) th a t site 
vulnerability provided only a partial explanation of ground w ater’s nitrate 
concentrations, or 3) that the general absence of varying ground water nitrate 
concentrations across the study area masked the possibly successful 
delineation of vulnerability. Findings of this project indicate procedure 
reliability to be inconclusive, with further research necessary before more 
decisive conclusions can be made.
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7.1 Recom m endations for Future Research
Development and implementation of this vulnerability assessment 
procedure answered few questions. It did, however, raise many new ones 
about not only the value of implementing a GIS-based ground water 
vulnerability assessment project but also about vulnerability itself, the 
methods of assessing vulnerability, and methods of evaluating the accuracy 
of a procedure. Recommendations for future work to further test and 
improve the current procedure's applicability, or to address related issues are 
listed below.
GIS
• Development of new software or alteration of existing software to allow 
buffering of overlapped areas is very important, if not essential for 
engineering applications of GIS.
• Compatibility of database operation and soils data needs to be studied, 
and procedures developed for facilitating soils data incorporation into GIS. 
Vulnerability Assessm ent
« Further study of the vulnerability assessment procedure under controlled 
conditions is needed.
• Correlation of nitrate movement through the differing soils and the 
occurrence of nitrates in ground water need further research. Nitrate 
concentrations across the water column also need to be documented.
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• Comparison of the vulnerability index model results to results derived 
from other assessment procedures/ models would be helpful in further 
evaluating this procedure.
• Investigation of soil param eter influences on ground water vulnerability 
is needed. In addition, refinement of the subjective ranking of parameter 
values relative to their influence on contamination is also needed.
• Apply to new study area where soil vulnerability is likely to take on a 
wider range of values, and where nitrate contamination is known to exist. 
Evaluation of Procedure R eliability
• Methods of measuring a vulnerability assessment procedure's reliability 
need to be more extensively explored, and new methods developed, if 
appropriate.
This list is not exhaustive, but merely a listing of issues tha t are obvious,
and, in most cases, urgently needing attention.
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Table 34. Summary o f Pollution Potential A ssessm ent Procedures -- H istorical Information.
Procedure
Name
Date Components Format
Total 
Number of 
Factors
Project
Status
Project
Area
Developer
Landfill Site 
Rating
1964 LU. SA Manual 8 Completed * LeGrand, Brown
Site Landfill 
Ranking System
1973 CC, SA Manual 15 Completed * Hagerty, Pavoni 
& Hecr, Jr.
Soil-W aste- 
Interaction Matrix
1977 CC, SA Manual 17 Completed * Phillips, Nathwani, 
Sc Mooij
Surface
Impoundment
Assessment
1978 CC, SA  
(for a 
specific LU)
Manual 14 Completed * EPA
Site Rating 
M ethodology
1980 CC, LU, SA Manual 31 Completed * Kufs
Brine Disposal 
M ethodology
1981 LU, SA 
(for specific 
CC)
Manual 5 Completed Michigan W estern Michigan 
University, Dept, 
of Geology
Hazard Ranking 
System
1981 CC, LU, SA Manual 44 Completed Superfund
Sites
EPA
(Table con'd.)
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Procedure
Name
Date Components Format
Total 
Number of 
Factors
Project
Status
Project
Area
Developer
Pesticide Index 1985 CC, SA Manual 9 Completed * Rao, Hornsby, 
Jessup
DRASTIC 1985 SA
(for specific 
land use)
Manual 7 Completed * NW W A , EPA
SEEPPAGE 1988 CC, LU, SA Manual 12 Completed * USDA-SCS
Modif. DRASTIC  
(Texas)
1990 CC, LU, SA GIS -- Grass 
on Sun 386i
10 Completed Texas,
statewide
Texas A&M Univ. 
Dept, of Ag. Engr.
Modif. DRASTIC  
(Delaware)
1990 CC, LU, SA GIS -  ERDAS 7 Completed Delaware,
Southeastern
G eoDecisions Inc., 
Penn. State Univ.
Contaminant
Vulnerability
Index
1990 LU, SA GIS -  Arcy 
Info; Output: 
SURFER
9 Completed South Dakota, 
East Central
South Dakota  
State Univ., EPA
FARM-A-SYST 1990 LU, SA Manual 57 Completed  
(imple. on­
going)
Individual 
Farmstead 
(Pilot area: 4 co. 
-W ise. &  M inn.)
U. o f W isconsin  
U. o f M innesota 
EPA
(Table con'd.)
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Procedure
Name
Date Components Format
Total 
Number of 
Factors
Project
Status
Project
Area
Developer
PUM PS 1992 CC, LU, SA GIS -  Arc/  
Info
18 Ongoing -  
(1993  
com plet.)
Delaware, 
Sussex Co.
EPA, Lockheed
Christy
Procedure
1992 LU, SA SPANS
IDRISI
8 Com pleted South Carolina, 
Piedm ont Reg.
Clemson Univ., 
A gri.& Bio. Eng.D.
M odif. DRASTIC  
(Florida)
1993 LU, SA Manual 
(In process of  
converting to 
PC-based 
Arc/Info)
9 Ongoing Florida,
statewide
Florida D ept of
Environmental
Regulations
Modif. DRASTIC  
(W yom ing)
1993 SA GIS -  Arc/  
Info
10 Ongoing W yom ing, 
statewide 
(Pilot area: 
Goshen Co.)
USG S, EPA, 
W yom ing Dept, of 
Environmental 
Quality
CC = Contam inant Characteristics 
LU = Land Use 
SA =  Site Assessm ent
* Information available was insufficient to determine.
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Table 35. Summary of Pollution Potential Assessm ent Procedures — Im plem entation Information.
Procedure
Name
Number
ofSA
Factors
Site Assessment 
Factors
SA Factor 
Numbers
No. of 
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
Landfill Site 
Rating
8 1. Depth to w.t. (G 1)
2. Aquifer permeability (G2)
3. W .T. gradient (G3)
4. Vadose z. geology (G 10)
5. Vadose z. thickness (G13)
6. Soil texture (SI)
7. Soil permeability (S3)
8. Physiograph. regions (T4)
G l. G2, G3, 
GIO, G13, 
S I. S 3 .T 4
5 m • Numerical
Rating
Site Landfill 
Ranking System
9 1. Infiltration potent. (C2)
2. Ground water velocity (G7)
3. Bottom leakage pot. ( O l)
4. Filtering capac. of 
landfill liner (02 )
5. Organic content of  
ground water (0 4 )
6. Buffering capac. of 
groundwater (0 5 )
7. Soil organic matter (S4)
8. Cation exchange cap. (S10)
9. Potent, travel distance to 
nearest surface water (T3)
C 2 .G 7 .0 1 ,  
0 2 .  0 4 .  0 5 .  
S4. S 1 0 .T 3
18 No * Numerical
Rating
Soil-Waste-
Interaction
Matrix
7 1. Infiltration (C2)
2. Depth to water table (G l)
3. Water table gradient (G3)
4. Aquifer thickness (G I4)
C 2 .G 1 .G 3 , 
G14, 0 1 0 ,  
S3, SI I
* No * Numerical Rating &. 
Pollution Potential 
Class Designation
(Table con'd.)
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Procedure
Name
Number
ofSA
Factors
Site Assessment 
Factors
SA Factor 
Numbers
No. of 
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
Soil-Waste- 
Interaction 
Matrix (con'd.)
5. Distance to nearest 
point of use (O 10)
6. Soil permeability (S3)
7. Soil sorption (S 11)
Surface
Impoundment
Assessment
9 1. Aquifer hydraulic 
conductivity (G2)
2. Surface geology (G5)
3. Bedrock geology (G6)
4. Aquifer com position (G9)
5. Vadose z. compos. (G10)
6. Vadose z. thickness (G13)
7. Aquifer thickness (G14)
8. Soil texture (SI)
9. Soil permeability (S3)
G2, G5, G6, 
G9, G10, G13, 
G14, S I, S3
9 * * Alpha-numerical
Rating
Site Rating 
Methodology
6 1. N et precipitation (C l)
2. Depth to gr. water (G 1)
3. Bedrock permeability (G2)
4. Depth to bedrock (G4)
5. Soil permeability (S3)
6. Distance to nearest 
surface water (T3)
C 1 .G 1 .G 2 , 
G4, S 3 .T 3
6 * * Numerical Rating: 
Hazard Potential
Brine Disposal 
Methodology
2 1. Thickness of shale (GI 1)
2. Distance between bottom
of well/pit and aquifer (G 12)
G l 1, G12 8 N o * Numerical Rating
to
(Table con'd.) §
!Procedure
Name
Number
ofSA
Factors
Site Assessment 
Factors
SA Factor 
Numbers
No. of 
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
Hazard Ranking 
System
3 1. Precipitation (C l)
2. Depth to aquifer (G12)
3. Soil permeability (S3)
C 1 .G 12 , S3 3 * * Numerical Rating
Pesticide Index 6 1. N et recharge (C3)
2. Depth to ground water ( G l)
3. Travel tim e through root z. 
and intermed, vadose z. (0 9 )
4. Organic carbon (S5)
5. Bulk density (S6)
6. Air-filled porosity (S7)
C3, G l , 0 9 ,  
S5, S6, S7
* No * Numerical Rating
DRASTIC 7 1. N et recharge (C3)
2. Depth to water table (G 1)
3. Hydraulic conductivity 
of aquifer (G2)
4. Aquifer media (G9)
5. Impact o f vadose z. (G10)
6. Soil texture (SI)
7. Slope (T2)
C3, G l , G2, 
G9, G10, 
S 1 .T 2
6 * 100 Acres 
(minimum  
area applicable)
Numerical Rating: 
DRASTIC Index
SEEPPAGE 11 1. Depth to water table (G l)
2. Aquifer com position (G9)
3. Vadose z. geology (G10)
4. Distance to nearest 
point of use (010 )
5. Soil texture (SI)
6. Soil thickness (S2)
G 1 .G 9 , CIO, 
0 1 0 ,  S I, S2, 
S3, S4,
S8, S9, T2
6 No * Numerical Ratings: 
Site Index Number; 
Sensitivity Category
(Table con'd.) 210
Procedure
Name
Number
ofSA
Factors
Site Assessment 
Factors
SA Factor 
Numbers
No. of 
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
SEEPPAGE
(con'd.)
7. Soil permeabiliy (S3)
8. Soil organic matter (S4)
9. Soil pH (S8)
10.Soil drainage class (S9) 
11.Slope (T2)
Modif. DRASTIC 
(Texas)
8 1. N et recharge (C3)
2. Depth to gr. water (G l)
3. Aquifer hydraulic 
conductivity (G2)
4. Recharge area (G8)
5. Aquifer composition (G9)
6. Vadose z. geology (G10)
7. Soil texture (SI)
8. Slope (T2)
C 3 .G 1 .G 2 ,  
G 8, G9, 
G10, S 1 .T 2
8 No Input: 1.6 M 
to 4.5 M 
Output: 1:2 M
Map: Agricultural 
Pollution 
Susceptibility
Modif. DRASTIC 
(Delaware)
6 1. Depth to water table (G 1)
2. Transmissivity (G15)
5. Elevation of base of 
aquifer (G16)
4. Soil permeability (S3)
6. Elevation (T 1)
3. Slope (T2)
G 1 .G 1 5 .G I6 ,
S 3 .T 1 .T 2
* No Grid Cell: 1 Acre Map: Groundwater 
Pollution Risk; 
Groundwater 
Pollution 
Hazard Assessm.
(Table con'd.)
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Procedure
Name
Number
ofSA
Factors
Site Assessment 
Factors
SA Factor 
Numbers
No. of 
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
Contaminant
Vulnerability
Index
3** 1. Surface soil thickness (S2)
2. Layered permeability (S3)
3. Surface organic matter (S4)
S2, S3, S4 2** No Grid cell:
1/4 mi. 
Map: 1:24,000
Numerical Rating; 
Map: Vulnerability 
Index
FARM-A-SYST 7 1. Depth to water table (G 1)
2. Vadose z. geology (G10)
3. Soil texture (SI)
4. Soil thickness (S2)
5. Soil organic matter (S4)
6. Soil pH (S8)
7. Soil drainage class (S9)
G 1.G 10 , 
S I, S2, 
S4, S8, S9
13 No * 10 Self-Assessment 
Worksheets;
7 Risk Rankings; 
Site Ranking
PUMPS 14 1. Precipitation (C l)
2. Evapotranspiration (C4)
3. Runoff (C5)
4. Irrigat. water added (C6)
5. Depth to water table (G I)
6. Soil texture (SI)
7. Soil permeability (S3)
8. Soil organic matter (S4)
9. Bulk density (S6)
10.5011 drainage class (S9)
11 .Soil layer depth (S 12)
12.5011 type (S I3)
13.5011 moisture at field 
capacity (S I4)
14. Elevation (T l)
C l, C4, C5, 
C6, G l, SI, 
S3, S4, S6, 
S9, S12, 
S13, S14 , T l
14 * Input: 1:20,000  
to 1:125,000  
Output: *
Numerical Score; 
Maps (planned)
(Tabic con'd.)
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Procedure
Name
Number
ofSA
Factors
Site Assessment 
Factors
SA Factor 
Numbers
No. of 
Datasets
Field
Tested
Scale or 
Resolution
Output
Product
Christy
Procedure
7 1. Precipitation (C l) .
2. Evapotranspiration (C4)
3. Runoff (C5)
4. Depth to bedrock (G4)
5. Surface geology (G5)
6. Bedrock geology (G6)
7. Soil Type (S 13)
C 1 .C 4 , C5, 
G4. G5, 
G6, SI3
20 N o Output:
1 in. =  20  km
Map: Ground Water 
Vulnerability 
Index
Modif. DRASTIC 
(Florida)
8 I .-7. DRASTIC factors 
8. Physiographic 
regions (T4)
C 3 .G I .G 2 ,  
G2, G9, G10, 
S I, T2, T4
7 P Output:
1:100,000
Map: Aquifer Vulner. 
by Water Managem. 
District (proposed)
Modif. DRASTIC  
(W yoming)
10 1. Aquifer recharge 
potential (C3)
2. Depth to gr. water ( G l)
3. Aquifer conductivity (G2)
4. Surface geology (G5)
5. Bedrock geology (G6)
6. Aquifer composition (G9)
7. Vadose z. compos. (GIO)
8. Soil texture (SI)
9. Soil type (S I3)
10. Surface elevation ( T l )
C 3 .G I .G 2 ,  
G5, G6, 
G 9.G 1 0 , 
S i ,  S 1 3 ,T l
9 * Map:
1:100,000
Map: Vulnerability 
Response Units; 
will include 
description 
of susceptibility 
of each unit)
* Information insufficient to determine. ** Relevant for the ground water component only.
APPENDIX B. VULNERABILITY ASSESSMENT 
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Table 36. Vulnerability A ssessm ent Factors Required for
Eighteen Assessm ent Procedures.
Category V ulnerability  Assessm ent Factor
F actor
N um ber
Frequency  
o f  Use
Precipitation Cl 4
Infiltration Potential C2 2
Climate
Net Recharge C3 5
Evapotranspiration C4 2
Runoff C5 2
Irrigation Water Added C6 1
Depth to Ground Water or 
WaterTable (from surface) Gl 12
Hydraulic Conductivity of 
Aquifer G2 7
Water Table Gradient G3 2
Depth to Bedrock G4 2
Surface Geology G5 3
Bedrock Geology G6 3
Ground Water Velocity G7 1
Geology Aquifer Outcrop or Recharge 
Area G8 1
Aquifer Composition G9 6
Vadose Zone Geology G10 8
Total Thickness of Shale 
(confining layer) G il 1
Distance between Contaminant 
Source and Nearest Aquifer G12 2
Vadose Zone Thickness G13 2
Aquifer Thickness G14 2
(table con'd.)
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Category V ulnerability  Assessm ent F actor
Factor
N um ber
Frequency 
o f  Use
Geology Aquifer Transmissivity G15 1
(con'd.) Elevation of Base of Aquifer G16 1
Texture SI 9
Thickness S2 3
Permeability S3 9
Organic M atter S4 5
Organic Carbon S5 1
Bulk Density S6 2
Porosity (Air-filled) S7 1
Soil pH S8 3
Drainage Class S9 3
Cation Exchange Capacity S10 1
Sorption S l l 1
Layer Depth/Thickness S12 1
Soil Type S13 3
Soil Moisture at Field 
Capacity S14 1
Surface Elevation T l 3
Slope T2 5
Topography Distance to Nearest Surface 
Water T3 2
Physiographic Regions T4 2
(table con'd.)
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Category V ulnerability  Assessm ent Factor
Factor’ 
N um ber
Frequency 
o f  Use
Leakage Potential of Landfill 
Liner
01 1
Filtering Capacity of Landfill 
Liner
02 1
Organic M atter Content of 
Ground Water
03 1
Other Buffering Capacity of Ground 
Water
04 1
Travel Time through Root Zone 
and Intermediate Vadose Zone
05 1
Distance to Nearest Point of 
Use
06 2
Total Number of Factors Used: 46
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RESEARCH TASKS
O bjective 1: Develop a GIS-based vulnerability assessment procedure 
based on readily available indicator data appropriate for local scale project 
implementation.
Task 1.1: List assumptions applicable to the procedure.
Task 1.2: Identify spatially distributed environmental param eters 
influencing shallow ground water quality.
Task 1.3: Quantify the extent of each parameter's influence on 
ground water quality.
Task 1.4: Identify data sources and their format for each 
parameter.
Task 1.5: Select key parameters for inclusion in the vulnerability 
assessment procedure.
Task 1.6: Determine the degree of vulnerability (Vulnerability 
Rating) associated with each possible value of each parameter.
Task 1.7: Rank factors to express the relationship of individual 
vulnerability factors to the total hydrogeological vulnerability.
Task 1.8: Determine a weight for each param eter to reflect the 
degree or intensity of influence that each param eter has on 
contaminant movement and/or attenuation.
Task 1.9: Formulate an expression for area vulnerability, called the 
Vulnerability Index.
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O bjective 2 : Implement the procedure using the Intergraph MicroStation 
GIS software and relevant hardware.
Task 2.1 : Identify specific data required for implementation of the 
procedure.
Task 2.2: Acquire data needed for the study area from existing 
data sources.
Task 2.3: Input data into the GIS system.
Task 2.4: Verify accuracy of system data records and modify as 
needed.
Task 2.5: Conduct ground truthing for verification of site-specific 
spatial data.
O bjective 3 : Produce preliminary results of the vulnerability assessment. 
Task 3.1: Perform GIS system analyses of data to determine 
vulnerability delineations for the study area.
Task 3.2: Prepare tabular and graphical presentations of the 
analyses.
O bjective 4 : Field test the procedure to determine the accuracy of the 
procedure's vulnerability delineations.
5.4.1 P h ase  I -  W ater Well Sam pling  
Task 4.1: Identify sampling sites.
Task 4.2: Establish sampling protocol.
221
O bjective 4 — 5.4.1 P h a se  I (con tinued ):
Task 4.3: Collect samples.
Task 4.4: Analyze water samples for nitrates and phosphates.
5.4.2 P h a se  II — Soil W ater Sam pling  
Task 4.5: Collect samples.
Task 4.6: Analyze samples for nitrites-nitrates, total Kjeldahl 
nitrogen, ammonia, and total phosphorus.
5.4.3 A nalysis o f Sam pling  D ata
Task 4.7: Enter the water quality data into the GIS database.
Task 4.8: Conduct analyses of field data.
Task 4.9: Correlate nutrient levels with the vulnerability level 
identified for tha t location.
O bjective 5: Modify the procedure as needed to produce a better match 
between vulnerability delineation and distribution of observed ground 
water quality conditions within the study area.
Task 5.1: Systematically varying the weight of VA factors and 
recompute vulnerability delineations.
Task 5.2: Correlate nutrient levels with the vulnerability 
delineation determined for each location.
O bjective 6 : Produce graphical and non-graphical outputs of the 
procedure's results for the study area.
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Objective 6 (continued):
Task 6.1: Compile the results of the Vulnerability Index 
computations in tabular form.
Task 6.2: Produce, in publishable form, a Vulnerability Index Map 
for the study area to show the spatial distribution of shallow ground 
water's vulnerability to contamination.
Task 6.3: Prepare documentation for each data file in the project 
database, including plot copies of each graphical file.
APPENDIX D. JUSTIFICATION FOR VULNERABILITY
ASSESSMENT PROCEDURE ASSUMPTIONS
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JUSTIFICATION FOR RESEARCH ASSUMPTIONS
Shallow ground water's vulnerability to contamination varies over 
geographical space. — S p a tia l v a ria b ility  of ground water's 
vulnerability is a real phenomenon, definable by the variability of the 
processes and/or factors influencing or determining this vulnerability. 
These processes (identified in Chapter 2 as factors were identified) are 
known to individually vary over space. Acknowledgement of this 
variability is made through assignment of terms as "regional geology", 
"micro climate", "physiographic regions", and "soil classifications" 
where unique names are given to communicate areas of similar 
attributes (Piedmont Region, Humid Subtropical Climate, or Sharkey 
Clay Soils). Professional acknowledgement of examination of spatial 
variability of vulnerability has been made by Halliday and Wolfe 
(1991), who view assessment of potential ground w ater pollution 
problem solving as falling within two approaches: 1 . fate of the
contaminant at the surface, and 2 . problem examination in a spatial 
context. The approach most frequently used has been to address the 
fate of the contaminant, however the approach of examining the 
problem in the spatial context is a valid and much needed approach 
to vulnerability assessment.
Principles governing the spatial variability of this vulnerability is 
adequately understood. — The physical, chemical and biological
processes governing shallow ground water's vulnerability to 
contamination historically have been identified. These primarily 
include the processes of rainfall, runoff, the interaction of water and 
chemicals, infiltration, water and chemical movement through soils 
and subsurface materials, soil response to a solution, and biological 
processes through plant and microbial activity in the subsurface 
environment. Although the current level of understanding of these 
processes varies and may be increased with time, sufficient 
understanding exists so that a procedure to assess vulnerability can be 
defined in context of these processes.
A discrete number of factors can be identified that will adequately 
define ground water's vulnerability to contamination. — Because 
natural systems are complexly interrelated, and continuously vary 
with time, an infinite number of factors could conceivably influence 
vulnerability to ground water contamination. Identification of all 
factors impacting vulnerability would be impossible. Therefore, the 
only achievable approach to vulnerability assessment is the selection 
of a limited number of factors.
The important issue in this assumption then becomes whether 
or not a limited number of factors could be chosen so that they 
"adequately" define vulnerability. Because virtually no site is 
completely impermeable or has a perfect ability to adsorb or alter 1 0 0
percent of a contaminant that might enter the subsurface, ground 
w ater contamination can occur below almost any site. Vulnerability 
then becomes a relative term, that is, how likely is it tha t 
contamination will occur at a site, or is this site more or less likely to 
experience contamination than another site. This relative vulnerability 
can be described as the probability that contamination will reach the 
water table given that it enters the soil surface into the subsurface. 
If, for example, 90 percent of the time a contaminant enters the 
subsurface, it reaches the water table, the site could be classified as 
"highly vulnerable" or even "very highly vulnerable". Specific 
probability ranges can be user-defined to reflect the level of risk the 
user is willing to bear in connection with the contamination occurrence. 
These ranges will be referred to as the "true" (or acceptable) 
vulnerability. For this research, "adequately" will mean tha t 80 
percent of the time the factors identified will account for all nitrate 
occurrences, leading to correct identification and/or classification of a 
site according to its "true" vulnerability.
Vulnerability can be defined in terms of two key phenomena: fluid flow 
and the ability of a soil to attenuate a chemical/contaminant. — Moody 
(1990) identified fluid flow controls and the potential for 
biodegradation to be the key factors affecting the fate and transport of 
contaminants. Regardless of the sub-components used to define each
term, these two phenomena are often used to scientifically describe 
vulnerability. The assumption made here is tha t all (100 percent) of 
vulnerability can be explained in terms of these, and only these, 
phenomena. The relative importance of each is not at issue here, but 
only that they, taken together, will totally explain the vulnerability of 
a site to contamination. They are phenomena internal to the physical 
site. All external forces, although they would influence the internal 
processes, are excluded from the definition and quantification of 
vulnerability.
The flow path from the soil surface to the water table is continuous 
and vertical. — This is a necessary assumption to establish a direct 
connection between the conditions of the land surface at some specific 
point x, y in space and the quality of the ground water found directly 
below the point x, y.
A discontinuous flow path could result in the entrapment of a 
contaminant in some intermediate subsurface zone prior to its reaching 
the water table. The site could be vulnerable, allowing contaminant 
entry and movement, but the ground water would not necessarily be 
vulnerable to contamination locally if the contaminant would never 
reach the water table.
While subsurface flow is circuitous at the microscopic level, the 
average flow direction a t the macro scale can be vertical. A vertical
flow path would be necessary to establish tha t the contamination 
observed in ground water below the site actually originated a t the site. 
If the path were something other than vertical, a vulnerable sight 
would not result in contamination below the site, but could result in 
contamination elsewhere in the aquifer system.
Fluid flow and soil attenuating ability can be adequately expressed for 
a general chemical/contaminant, thus allowing for the identification of 
vulnerability factors independently of the specific 
chemical/contaminant present in solution. — Vulnerability was defined 
earlier as independent of contaminant presence and land use activities. 
Since Assumption 4 states that vulnerability can be defined in terms 
of fluid flow and attenuation, these two terms m ust also be definable 
independently of contaminant presence. Generally this can be seen as 
true because the emphasis is upon processes internal to a site. Total 
independence of fluid flow or attenuation is, however, not true in the 
absolute sense. The magnitude of these processes can not be examined 
without regard for the nature of the solution tha t moves through the 
subsurface. Given that absolute independence of site and contaminant 
characteristics is not possible, this assumption relates, instead, to the 
ability to "adequately express" fluid flow and attenuation without 
regard for the nature of the contaminant, thus being able to define and 
quantify vulnerability as a separate entity.
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The attenuation processes possible at a site are the same 
regardless of the nature of the contaminant. While the presence of an 
organic contaminant would activate one set of physical, chemical, 
and/or biological attenuating processes, the presence of an inorganic 
chemical would likely activate a different set of processes. For 
example, attenuation of a pesticide (organic) would likely be 
dominated by biological removal or conversion, and by adsorption. 
Attenuation of a metal (inorganic), on the other hand, would more 
likely be achieved through reactive processes as oxidation. Regardless 
of the contaminant, the site components or contribution to the 
attenuation processes are present, and ready for activation upon 
arrival of a contaminant.
Site influences on fluid flow are also clearly definable 
independently of the nature of the contaminant, provided the 
contaminant is not a reactive chemical. The influences include site 
characteristics that help define flow path, including flow length and 
distance. However, complete characterization of fluid flow in the 
subsurface can not be achieved independently of any contaminant 
present in solution. Hydraulic conductivity, which helps determine 
flow velocity, is a function of the soil matrix and the fluid 
characteristics. The presence of a contaminant in solution alters fluid 
characteristics by changing fluid density and dynamic viscosity. For
agricultural applications, most contaminants would cause an increase 
in density and viscosity. Because viscosity (the resistance to flow) 
exhibits a greater magnitude of change as density changes, the net 
effect of adding a chemical to the soil solution is the slowing of flow. 
W ater then becomes a worst case scenario in term s of site 
vulnerability. By using general flow characteristics for water, site 
vulnerability assessments can be made independently of specific 
contaminants.
The three-dimensional nature of vulnerability can be adequately 
represented as a two-dimensional problem within a GIS. — 
Vulnerability is a three-dimensional phenomena, having definition in 
geographical space (the x-y plane) and having depth (the z dimension). 
To describe vulnerability, specific information descriptive of the 
physical environment must be used. This information can be two- 
dimensional (for example, land surface slope) or three-dimensional (for 
example, permeability). All three-dimensional information can be 
broken into distinct layers to form multiple two-dimensional layers of 
information. A composite or resultant two-dimensional representation 
of the three-dimensional information can be formed by combining all 
layers and assigning a unique value to each unique combination of 
layered information for each point in the two-dimensional plane. The 
process can be complex, and man is limited in his ability to discern and
interpret the results when more than seven layers are combined. 
Within GIS, however, as many as 63 layers can be combined and 
analyzed to form a single resultant two-dimensional graphical file or 
map representation.
GIS is a two-dimensional spatial analysis tool tha t can be applied to 
vulnerability assessment. — GIS is a tool designed to represent physical 
space in a two-dimensional (x and y) plane. The representation is 
scaled so that positional relationships of one point in space to another 
point in the same plane are maintained. With positional relationships 
established, attributes of each point can be identified, compared with 
attribute values of other points, and differences between attributes or 
position measured (or noted). An important aspect of vulnerability 
assessment is not only the identification of vulnerability in an absolute 
sense (what is the condition at a point (a one-dimensional problem)), 
but also the discerning of change in vulnerability across geographical 
space. When those factors tha t produce change in vulnerability are 
"mappable" (their values can be quantified and associated with a 
geographical position in a georeferenced framework), GIS can be used 
for performing the vulnerability assessment.
Shallow aquifers are defined as aquifers first encountered at a depth 
of less than 30.49 meters (100 feet) below the land surface (although 
they may extend to depths greater than 30.49 meters), and are
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assumed to be unconfined. — This assumption would not be valid for 
many geographical areas of the United States, but can be applied to 
Louisiana because of the nature of the near surface geology. 
Sedimentary geology dominates the Louisiana landscape, with most 
areas having deep, unconsolidated fluvial deposits of sands, silts, and 
clays. This will be discussed in greater detail when the study area is 
described.
APPENDIX E. RATING SCALES FO R EACH 
VULNERABILITY FACTOR
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Table 37. Clay Content of
Soil (Cl)
P ercen t Clay V ulnerabilityR a tin g
0.0 to 1.9 1 0
2.0 to 4.9 7
5.0 to 9.9 6
10.0 to 19.9 4
20.0 to 39.9 2
Greater than 
40.0
1
Table 39. Depth to Water 
Table (WT)
D epth  Below  
Ground  
Surface, Feet
V ulnerability
R a tin g
Less than 5 1 0
5.0 to 9.9 9
10.0 to 14.9 8
15.0 to 29.9 7
30.0 to 49.9 5
50.0 to 74.9 3
75.0 to 100 2
Greater than 
1 0 0
1
Source: Aller, et al., 1987.
Table 38. Surface F looding
Potential (FI)
Frequency 
o f  Flooding
V u lnerability
R a tin g
Standing
W ater
1 0
Frequent 9
Occasional 6
Rare 2
Never 1
Table 40. Organic M atter 
Content o f Soil 
(OM)
Percent
Organic
M atter
V u lnerability
R a tin g
0.0 to 0.9 1 0
1.0 to 1.9 9
2.0 to 4.9 7
5.0 to 9.9 4
10.0 to 19.9 3
20.0 to 39.9 2
Greater than 
40
1
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Table 41. Soil pH
pH  Range VulnerabilityRating
Greater than 8 9
7.0 to 8.0 7
6.0 to 6.9 1
5.0 to 5.9 4
3.0 to 4.9 7
Less than 3 9
Table 43. Shrink/Swell
Potential of Clays 
(SS)
Potential VulnerabilityRating
High 10
Moderate 6
Low 2
Table 45. Land Slope (SI)
Percent
Slope
Vulnerability
Rating
0.0 to 1.9 10
2.0 to 5.9 9
6.0 to 11.9 6
12.0 to 18.0 3
Greater than 
18
1
Source: Aller, et al., 1987.
Table 42. Perm eability,
Surface1 (Ps) and  
Subsurface (Pss)
Permeability
(Inches/Hour)
Vulnerability
Rating
Greater than  
20
10
6.0 to 20.0 9
2.0 to 5.9 7
0.6 to 1.9 5
0.2 to 0.59 4
0.06 to 0.19 3
Less than 0.06 2
Source: Boniol, et al., 1988.
1 Surface refers to the upper 
one m eter of the soil profile.
Table 44. Soil Texture (Tx)
Textural Class 
Range
Vulnerability
Rating
Thin or Absent Soil 10
Gravel 10
Sand 9
Shrinking/ 
Aggregated Clay
7
Sandy Loam 6
Loam 5
Silty Loam 4
Clay Loam 3
Nonshrinking, 
Nonaggregated Clay
1
Source: Aller, e t al., 1987.
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GIS SOFTWARE REQUIREMENTS
Softw are N am e Version Title
DELTOOLS 07.00.09.00 Delivery Tools
DIAG 06.70.11.00 Workstation/Server Diagnostics
DSM 07.00.18.00 Distributed System Management
ENVIRON S 07.00.12.00 Clipper Graphics Shared Libraries
FORMS_S 02.00.04.00 I/Forms Runtime Package
GPIPE S 07.00.04.00 Clipper Geometry Pipeline Shared Li
GRID 05.00.05.00 MicroStation Grid Generation
ILP811DRV 06.03.00.15 ILP811-Intergraph La
IP CNUC 06.04.00.08 IP/CNUC (Client Nucleus)
IP HPSUB 06.04.00.01 IP/HPSub (HP-GL submit)
IP IGDS 06.03.01.02 IP/IGDS (IGDS MFI)
IP IPLOT 06.04.00.08 IP/IPLOT (IGDS/InterPlot Interface)
IP RASSUB 06.04.00.01 IP/RasSub (Raster Submit)
IP SCOPY 06.03.00.06 IP/Scopy (ScreenCopy MFI)
IP SCSUB 06.04.00.04 IP/SCSub (ScreenCopy Submit)
IP SNUC 06.03.00.22 IP/SNUC (SERVER NUCLEUS)
MCSO 05.00.06.00 MGE Coordinate System Operations
MGA 05.00.05.00 MGE Analyst
MGAD 05.00.05.00 MGE Basic Administrator
MGE SX 05.00.05.00 MGE/SX
MGMAP 05.00.05.00 MGE Base Mapper
MGNUC 05.00.05.00 MGE Basic Nucleus
MSM 03.02.02.01 MGE Terrain Modeler
MSPM 05.00.06.00 MGE Projection Manager
MSTATION 04.00.04.06 MicroStation 32
NFS 07.00.09.01 Network File System
NQS 07.00.01.01 Network Queuing System
ORAKRNL 06.00.27.10 ORACLE Base product (kernel)
ORAPLUS 03.00.06.05 ORACLE SQL*Plus Utility
RESOURCES 07.00.09.00 Graphics Resources
RISCCU 04.03.01.06 RIS Client and Run-time Package
RISOC 04.03.01.07 RIS CLEX ORACLE Data Server
RISUCU 04.03.01.04 RIS CLIX Utilities
SCREENMGR 07.00.09.00 Screen Manager
SYSTEMV 07.00.08.01 System V 3.1 File Systems
TCPIP 07.00.00.08 TCPIP
TN3270 06.03.00.00 Telnet 3270 Emulator
TOOLBOX 07.00.04.02 Set of various desk utilities
UNIXBOOT 07.00.19.00 System V 3.1 Boot Images
VT220 07.00.04.00 VT220 terminal emulation
XNSINGR 07.00.00.01 Workstation Network Software
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P ro je c t Nam e: DFARM
P ro je c t D esc rip tio n : The GIS project was established to look at ground 
w ater contamination associated with dairies in Tangipahoa Parish, 
Louisiana. The Big Creek watershed is the focus of the work, although 
much data contained in the project are parish-wide.
In itia tio n  D a te : April, 1990 L ast R ev ised : November, 1995
P ro je c t M an ag er: Brenda G. Bruner
Biological & Agricultural Engineering Dept. 
Louisiana State University 
(504) 388-1074
GIS System  H ighlights:
Hardware: Intergraph Interpro 2000
Software: MicroStation GIS 5.0
Database: Oracle 6.0
Database Schema: DFARM
Categories: agriculture, geology/g.water, hydrology, luse, soils
Features: dfarm, geology, recharge_pot, rech_pot_cent,
wells, wells_label, wells_buff, wells_buff_cent, 
hydrology, basin, basin_node, river, river_buff, 
river_buff_cent, precip, soil, soil__cent, 
soil_symbol, soil_water, (System characteristics of 
these features are presented in detail in Table 
46.)
Number of
Database Tables: 14 (data) plus 30 (system)
Number of Design 
Files Contained: 129
Graphics Details: vector data
- Projection Sytem: Universal Transverse Mercator with Geodetic 
Datum: WGS84 and Ellipsoid: WGS84.
- Working Units: meters
- Geographical Extent: 30°45'00 to 31°00'00 North Latitude;
-90°15'00 to -90°30'00 West Longitude
- 7.5 minute series topographic maps required: Spring Creek, Mount 
Herman, Chesbrough, and Wilmer (Louisiana)
Table 46. System  Characteristics o f Project Features.
Feature Linked
A ttribu te
TableN am e Code Type Category LV Style WT Color D ig itizerCom mand
dfarm 1 1 1 0 label luse 1 0 0 1 8  (Gr) pi. text farms
dfarm_buff 1 1 1 1 a.bnd luse 60 0 1 3 pl.lstr farms
dfarm_buff_cent 1 1 1 2 a.cent luse 61 0 0 3 pl.pnt
geology 2 1 0 0 a.bnd geo/gw 2 0 0 0 0 pl.lstr
recharge_pot 2 2 1 0 a.bnd geo/gw 2 2 0 0 50 (Gr) pl.lstr -
rech_pot_cent 2 2 1 1 a.cent geo/gw 23 0 0 50 (Gr) pl.pnt recharge
wells 2300 point geo/gw 25 0 3 50 pl.txnode wells
wells_label 2301 label geo/gw 60 0 1 0 pl.text wells
wells_buff 2390 a.bnd geo/gw 62 0 0 0 wells
wells_buff_cent 2399 a.cent geo/gw 59 0 0 50 pl.centr wells
basin 3200 a.bnd hydro 31 0 2 3 pl.lstr basin
basin_node 3201 a.cent hydro 32 0 1 4 pl.pnt basin
river 3400 line hydro 33 0 1 1 (Bl) pl.lstr river
river_buff 3401 a.bnd hydro 62 0 0 3 3 river
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Feature Linked
Name Code Type Category LV Style WT Color DigitizerCommand
A ttribu te
Table
river_buff_cent 3402 a.cent hydro 62 0 0 9 pl.txnode river
lakes 3450 a.bnd hydro 34 0 0 3 pl.lstr
climate_station 3500 point hydro 35 0 3 1 pl.pnt
climstation_label 3501 label hydro 60 0 2 3 pl.txt
soil 5100 a.bnd soils 50 0 0 4 pl.lstr -
soil_cent 5101 a.cent soils 52 0 3 3 pl.pnt soil
soil_symbol 5102 label soils 60 0 2 4 pl.text soil
soil_water_sampl
site
5200 point soils 53 0 1 4 pl.pnt wells
FTvpe Codes Ot ler LV
1 10 Generate new files 1-9
2 11 Existing dgn files 10-54
3 area centroid 12 Political features 55
4 area boundary 13 Feature buffer 56-58
5 14 Centroids 59
6 15 Feature labels 60
7 label 16 Feature patterner 61
8 17 label Map title, legend 62
9 Reserve for system 63
K e y  D e s t g n  F i l e s
Base Maps 
bcbasin.utm 
bcdfms95.utm 
bcriver.utm 
bcroadsutm.wms 
bcsmpl-wls.dgn 
bcsoilfea2 .dgn 
bcssymbye. wms 
bcswells.dgn 
bcswl-flo.utm 
bcwells.utm 
dftncorr89.utm 
dfmrev95.utm 
laparish.wms 
lasubb.utm 
recharge.utm 
tabound.dgn 
tariver.dgn 
taroads.dgn 
wells.utm
Derived Maps 
bcsfmcor.utm 
be vicin.utm 
rechareas.dgn 
rechhi.wms 
rechnon.wms 
tangimap.utm 
vuln4b.dgn 
vuln5.dgn 
vuln 6 .dgn
D a t a b a s e  T a b l e s
basin • water_quality
farms • welljbuff
farms 2  • wells
recharge • well_geology
river • well_owner
soil • plus 30 system-generated
soil2  tables
• soil_water
• vul_index
APPENDIX H. WATER WELL SAMPLING 
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Site Identification i f : D1 Soil Type: Ta
Soil Map i f : 6
S a m p l in g  S it e  R e p o r t
F a r m  In f o r m a t io n
1. Number of Cattle: 165
2. Waste Lagoon: New
3. Dairy Waste Handling: lagoon installed October 1992; wastewater pumped 
1 /month in summer, 2 /month in winter; pumped onto field using perforated 
pipe; prior to lagoon, had no system for handling waste; waste ran off to ditch 
then to pond on adjacent property, then 13 miles to river (?).
4. Other:
W e l l  In f o r m a t io n
Well: depth: 130 ft., pumping from 100 ft.
age: 30 years
location: NW comer of milking barn, 25 ft. away,
type: submersible pump
condition: well drained; grout unknown; concrete slab
greater than 5'x5'x4M; in good operating 
condition; casing between 12" - 24" above slab;
no vent; seal and storage tank in good condition,
distr. syst: PVC lines with plastic faucets; 75 gal. storage
tank.
comments: well covered with small house; also used for 
drinking water.
Sampling Poin t: cold water supply in milking bam, cleaning room;
sampling at third faucet, end of hose; sink does not have controlled drainage.
Contaminant Sources (proximity to well):
-  oxidation pond (>1 0 0 ')
— holding pen (40')
-- adsorption field (>1 0 0 ’)
4. Bacterial History:
-  negative readings: 2-19-91
Site  Identification  #: D2 Soil Type: Ta
Soil Map #: 6
S a m p l in g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1. N u m b e r  o f  C a tt le : 230 (Includes 108 dairy cattle, heifers, breeding
and beef cattle.)
2. W aste  L a g o o n : New
3. D a ir y  W aste H a n d lin g : lagoon installed (1992) under DEQ program; 
includes 40'x8' sand filter plus lagoon; solids from sand filter piled in field 
every 2 months; liquids pumped and spread over field via perforated pipe.
4. O th e r :
— m ilking schedule: 2 a.m. and 2 p.m.
— no restrictions on sampling time
— farm 400 acres
W e l l  In f o r m a t io n
l. W ell: depth:
age:
location:
type:
condition:
distr. syst: 
comments:
Approx. 65-80 ft.
23 years (1970)
20 ft. from milking house; between barn and 
milking house, 
submersible pump
well drained, no grout, concrete slab greater 
than 5'x5'x4"; in good operating condition; casing 
between 12"-24" above slab; no vent; seal and 
storage tank in good condition.
PVC; plastic faucets; 75 gal. storage tank, 
housed inside small tin building.
2. S a m p lin g  P o in t : cold water supply inside milking barn cleaning room;
faucet has a short, small-diameter rubber hose attached to faucet (similar to 
C hem istiy  lab); sam pling from end of hose; began removing hose 3-22-94.
3. C o n ta m in a n t S o u r c e s  (p rox im ity  to  w e ll) :
-- septic tank (>100') -  holding pen (50')
-- oxidation pond (-75') -  calf cribs < 10 ft. from well
4. B a c te r ia l  H is to r y : -  negative readings: 9-10-91, and 3-17-92
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Site Identification #: D3 Soil Type: Ta
Soil Map #: 9
S a m p lin g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1 . Number of Cattle: 150
2. Waste Lagoon: New
3. Dairy Waste Handling: older lagoon, destroyed 5-17-93, in preparation for 
installation of new lagoon; new lagoon installation completed by 6-28-93 
sampling date; sprays liquid onto fields periodically.
4. O ther:
-  best calling time: between 8  a.m. and 2  p.m.
-  raingage located approx. 50 ft. from milking house
-  dairy mislocated on original DHH Dairy Survey
W e l l  In f o r m a t io n
Well: depth:
age:
location:
type:
condition:
distr. syst: 
comments:
1 1 0  ft.
15 years
2 0  ft. from milking house 
submersible pump
well drained, grout unknown, concrete slab less 
than 5'x5'x4"; in good operating condition; casing 
less than 1 2 " above slab; no vent; seal and 
storage tank in good condition.
PVC; brass fixtures; 75 ga. storage tank
S a m p lin g  Point: cold water supply inside milking barn cleaning room; 
sampling from faucet nearest door; allowing water to run 1  minute prior to 
collecting sample; note, faucet has very low flow rate.
Contaminant Sources (proximity to well):
-  lagoon (30')
-- holding pen (>50')
4. Bacterial History
-  negative readings: 3-17-92, and 3-19-92
247
Site Identification #: D4 Soil Type: Tg/Ta
Soil Map #: 9
Sa m p l in g  S it e  R e p o r t
F a r m  In f o r m a t io n
1 . Numher of Cattle: 120
2. Waste Lagoon: old, two ponds in series
3. Dairy Waste Handling: older lagoon (10 years old) system consisting of a 
series of ponds, with oxidation pond preceding lagoon; system could be 
upgraded to meet DEQ no-discharge expectations (?).
4., O ther: — operates two wells, one active and one back-up; back up well is
shallow, much older; goes through same distribution line.
-  milking schedule: 1 2  noon, 8  p.m., early morning.
-  best time to call: 7:30 - 8:00 a.m.
-  dairy mislocated on original DHH Dairy Survey
W e l l  In f o r m a t io n
1 . Well: depth: 120 ft.
age: 19 years
location: adjacent to milking bam, 5 ft. from building,
type: submersible pump
condition: well drained, grout unknown, concrete slab
greater than 5'x5'x4"; operating condition 
unknown; casing 12"-24" above slab; no vent; 
seal and storage tank in good condition, 
distr. syst: 75 gal. storage tank; brass fixtures; metal
pipe.
comments: well not covered.
2. Sampling Poin t: cold water supply inside milking bam, cleaning room; 
sampling at sink faucet with short rubber hose attached; sample taken from 
end of hose; later samples were collected with hose removed from faucet; 
allowing water to ran 1  minute prior to collecting sample; sink does not have 
controlled drainage.
3. Contaminant Sources (proximity to well):
-- holding pen (12') -  old lagoon within 150 ft. (?)
4. Bacterial History: -- negative readings: 4-29-91, and 3-18-92
Site Identification #: D5 Soil Type: Rn
Soil Map #: 8
S a m p lin g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1 . Number of Cattle: 75
2. Waste Lagoon: No
3. Dairy Waste Handling: no lagoon (and not planning to install unless DEQ 
shows sufficient reason); waste runs off across gently sloping pasture.
4. O ther:
-- nearest stream, Gill Creek, is 3/4 mi. away
-  closed dairy south of Hwy. 440 (#2)
-  285 acres
-  mislocated on original dairy survey
W e l l  In f o r m a t io n
1. Well: depth: Approx. 100 ft.
age: 1 0  years
location: between house and bam, 125 ft. from bam,
in pasture 
type: submersible pump
condition: well drained, grout unknown, concrete greater
than 5'x5'x4"; in good operating condition; casing
greater than 24" above slab; no vent; seal and 
storage tank in good condition, 
distr. syst: metal (?) pipes; brass fixtures; 30 gal. storage
tank
comments: supplies milking house only, except in 
emergency; house on public supply
2. Sampling Point: cold water supply at sink in milking bam cleaning room; 
sampling at faucet (brass).
3. Contaminant Sources (proximity to well):
-- holding pen (31)
-  any fertilization of pasture
4. Bacterial History: -- negative readings: 2-4-91, and 3-17-92
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Site Identification  #: D6 Soil Type: Rn
Soil Map #: 19
S a m p l in g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1 . N u m b er of C a ttle : 52
2. W aste L agoon: old
3. D airy  W aste H and ling : 2-cell lagoon that is 15 years old; center wall
between cells has been breached by nutria; also caving (caused by
nutria digging) in lagoon walls toward well; originally pumped lagoon 
and irrigated pasture (not since 1 0  years ago); feed lot slab scraped, 
piled regularly, then annually applied to pasture.
4. O ther: — land steeply sloped from feedlot and holding pen toward ditch and 
intermittent stream.
— Mr. Brown very concerned about feed lot contribution to stream, and 
chicken house contribution to well.
— closed dairy in 1994
— large gravel deposits known under property
-- extensive exploratory oil investigations were conducted on property 7-9 
years ago; multiple corings and seismic readings taken; not sure of 
company, most likely Texaco.
— milking house very clean.
— dairy mislocated on original DHH dairy survey.
W e l l  In f o r m a t io n
l . Well: depth:
age:
location:
type:
condition:
distr. syst: 
comments:
59 feet
old, age unknown
behind house toward feed lot, away from milking 
barn; inside shed where old equipment, misc. 
collected.
submersible pump
well drained; grout unknown; concrete slab less 
than 5'x5'x4"; in good operating condition; casing 
between 12" - 24" above slab; no vent; seal and 
storage tank in good condition, 
metal pipe and faucets.
constructed of 8 " diameter (ID) glazed tile; joints 
are cemented; top has board covering opening, 
not securely covered, not sealed.
Sa m plin g  S ite  R epo r t  -  #  D 6
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W e l l  In f o r m a t io n  (c o n t in u e d )
2. Sam pling  P o in t: cold water supply inside milking barn cleaning
room; small sink with 1" diameter hose attached to faucet; sampling 
from end of hose; sink does not have controlled drainage.
3. C o n ta m in a n t  Sources (proximity to w ell):
-  septic tank (>100') -- holding pen (>100')
-  adsorption field (>100') -- lagoon (>100'?)
-  feeding lot (50-75') -  chicken coup (10')
4. B ac te ria l H is to ry :
-  negative readings: 4-8-91, and 3-18-92
-  positive readings: 3-26-91 and 4-8-91
(Note: disinfection of well with Clorox twice corrected problem)
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Site Identification #: D7 Soil Type: Tg
Soil Map #: 13
S a m p l in g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1 . N u m b er o f C a ttle : 110
2. W aste L agoon: no
3. D airy  W aste H a n d lin g : no-discharge lagoon installation planned 
for 1994.
4. O th e r: — no perennial stream nearby
-- best time to call between 1 1  a.m. and noon
W e l l  In f o r m a t io n
1. W ell: d ep th : 120 feet
age: 30 years
location : behind house, approx. 150 ft. from milking
barn
type: submersible pump
cond ition : well drained, grouted, concrete slab greater 
than 5'x5'x4"; in good operating condition; 
casing between 12"-24" above slab; no vent; 
seal and storage tank in good condition.
d is tr . syst: metal pipe; plastic faucet; 30-gal. storage 
tank.
com m ents: well also supplies water to house
2. Sam pling  P o in t: cold water supply in milking bam; sampling at sink 
faucet; w ater allowing water to run  1  minute prior to sampling; 
sampling point had to be changed when owner began locking door to 
milking bam  after experiencing break-ins; outside faucet, end of hose 
was then used for sampling (flushing time increased to two minutes).
3. C o n tam in an t S ources (proxim ity  to  w ell):
-- septic tank (>100') — holding pen (50')
— adsorption field ( 1 0 0 1) -  fuel tanks around milking bam
4 Bacterial H istory: negative readings: 8-1-90, 7-23-91, 8-7-91, and 6-
8-92
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Site Identification #: D8 Soil Type: RS
Soil Map #: 17
S a m p l in g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1. N u m b er o f C a ttle : 55 (milking)
125 (total)
2. W aste L agoon: New (installed 1994)
3. D a iry  W aste H and ling : DEQ lagoon to be installed in 1994; 
currently waste is scraped and spread over fields.
4. O th e r :
— milking schedule: prior to 8  a.m. and after 3 p.m.
— call between 8  and 9 p.m.; or can call in a.m. when wife a t home
— 2 0 0  acres in farm
W e l l  In f o r m a t io n
90 ft.
15-20 years
near parents house, > 1 0 0  ft. from barn 
submersible pump
well drained, grouted, concrete slab, in good 
operating condition; casing, vent condition 
undocumented, seal and storage tank  in 
good condition, 
d istr. syst: metal lines with brass fixtures 
comments: well supplies drinking water also
2. S am pling  P o in t: cold water supply inside milking barn cleaning
room; sampling from faucet (brass) a t sink; allowing w ater to run  1
minute prior to collecting sample.
3. C o n tam in an t Sources (proxim ity  to  w ell):
-  septic tank (50') -- holding pen (30')
-- adsorption field (501) ~ manure pile (>100')
-- drainage ditch (>1 0 0 ')
1. W ell: depth:
age:
location:
type:
condition:
4. Bacterial History: negative readings: 2-6-91, and 2-18-92
Site Identification #: D9 Soil Type: Rn
Soil Map #: 16
Sam pl in g  S ite  R e p o r t
F a r m  In f o r m a t io n
1. N u m b er of C a ttle : 130
2. W aste L agoon: old
3. D a iry  W aste H and ling : older lagoon; no lagoon wastewater applied 
to field; never needs to do this.
4. O th e r :
-- leases property
W e l l  In f o r m a t io n
1. W ell: depth : 120 ft
age: 2 0  years
location: NW of bam , approx. 30 ft.
type: submersible
condition: slab; sealed; > 1  ft. riser; covered with small 
building.
d is tr . syst: PVC lines; brass faucet; 75-100 gal. storage 
tank
other: used also for drinking water
2. S am p ling  P o in t: cold w ater supply inside milk storage room;
sampling from faucet; allowing w ater to run 1  minute prior to 
collecting sample; leak at sampling faucet; distribution line cut-off 
value kept closed; opened to collect sample.
3. C o n tam in an t S ources (p rox im ity  to  w ell):
— unknown
4. B a c te ria l H istory
— unknown
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Site Identification #: DIO Soil Type: Sa
Soil Map #: 16
S a m p l in g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1 . Number o f Cattle: 165 (105 daily)
2. Waste Lagoon: new
3. Dairy Waste H andling: no-discharge lagoon with liquids periodically
pumped onto pasture; constructed 1990; older, two-cell lagoon
destroyed to construct new lagoon.
4. Other:
— DEQ monitoring movement from lagoon with 5 monitoring wells: 2 
@ 12', 2 @ 8 ', and 1 @ 6 '. Well depths vary, but deeper than  the first 
water table at 1 2  ft.; monitored quarterly; been monitoring for 2  1 / 2  
years.
— Ed O'Quinn, DEQ contact; also Keith Casanova.
— 3 lagoons are being monitored in Tangipahoa Parish.
— lysimeters have been installed in pasture to monitor liquid waste 
application to field.
— DEQ will monitor total of 6  years.
-- 1 2 0  acres.
— periodic irrigation of wastewater from lagoon onto pasture; uses 
"traveling boom"; lagoon pumped day prior to Hurricane Andrew (6 - 
-93).
W e l l  In f o r m a t io n
W ell: dep th : 65 ft.
age: 16 years (1977)
location: 5 ft. from cow bam
type: submersible pump
condition : well drained, grout unknown, concrete slab 
greater than 5'x5'x4"; in good operating 
condition; casing 12" - 24" above slab; no 
vent; seal and storage tank  in good 
condition, 
d is tr ib . syst.: 
com m ents:
Dairy Owner Report — DIO
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We l l  In f o r m a t io n  (c o n t in u e d )
2. S am pling  S ite : cold water supply at faucet outside milking house; 
has 1  1 / 2  inch diameter hose attached to faucet; sampling from hose; 
allowing water to run 2  minutes before collecting sample.
3. C o n ta m in a n t  Sources (proximity to well):
-- feed lot (40')
-  holding pen (1 0 ')
-- oxidation pond (>1 0 0 ')
-  abandoned shallow well located at back of old house site adjacent to 
shed; 100-150 ft. from well; 60-75 ft. from MS#1; old well sealed, 
properly closed in 1992(?) with DEQ assistance; filled with bentonite 
pellets.
-  old barn located in vicinity of supply well removed 6 - 8  years ago; soil 
removed to some depth and replaced with soil from pasture.
4. Bacterial History:
-  negative readings: 2-5-90, and 1-29-92
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Site Identification  #: D l l  Soil Type: Ca
Soil Map #: 16
Sa m pl in g  S ite  R e po r t
F a r m  In f o r m a t io n
1. N um ber of C attle: 50
2. W aste Lagoon: no
3. D a ir y  W aste  H a n d lin g : no lagoon; could not find suitable location due to  
frequency of flooding; does not practice pick up and spreading technique.
4. O th e r :
— property lies in low area adjacent to confluence of two creeks;
— floods regularly; well was covered w ith  flood waters in 1983 flood.
— dairy closed fall, 1993.
W e l l  In f o r m a t io n
l. Well: depth:
age:
location:
type:
condition:
distr. syst: 
comments:
approximately 45 ft.
12 years old (approx. 1971)
between house and milking bam, approx. 25 feet
from bam .
submersible pump
well drained (?); grout unknown; concrete slab  
less than 5'x5'x4"; in good operating condition; 
casing less than 12" above slab; no vent; seal 
and storage tank in good condition.
PVC line; 75 gal. storage tank.
well and storage tank exposed to environment.
2. S a m p lin g  P o in t : cold water supply in the milking bam  cleaning room; 
sam pling from faucet at small sink; allowing water to run 1 m inute before 
collecting sample; flushing time increased to 7 minutes after dairy closed and 
water usage decreased.
3. C o n ta m in a n t S o u r c e s  (p rox im ity  to  w e ll) :
— septic tank (60')
— holding pen (45')
— adsorption field (75')
4. Bacterial History:
-- negative readings: 10-31-89, 9-18-90, and 9-3-91
Site Identification #: D12 Soil M ap #: 21 
Soil Type (D airy): Ta
Sa m p l in g  S it e  R e p o r t
F a r m  In f o r m a t io n
1 . N um ber of C a ttle : 260 (animals); 162 (milking)
2. W aste L agoon: new
3. D airy  W aste H an d lin g : no-discharge lagoon installed in fall, 1992; 
sand filter precedes lagoon; filter cleaned, waste spread on fields 
approx. every two weeks; irrigation of lagoon wastewater onto pasture 
SE of barn (outlet 70 ft. from lagoon); 300 ft. of 5/8 in. perforated 
soaker hose used for irrigating; prior practice: runoff of waste to 
branch nearby.
4. O th e r:
— water quality problem a t house well: corrosion of copper pipes and 
water heater.
-- irrigation system set up to recycle w ater from lagoon back to bam  
for wash down.
— dairy mislocated on original DHH dairy survey
W e l l  In f o r m a t io n
1. Well dep th : 109 ft.
age: 40 years
location: NE corner of milking house, 15 ft. away
type: submersible pump
cond ition : well drained, grouted, concrete slab less
than 5'x5'x4"; in good operating condition;
casing less than 1 2 " above slab; no vent; seal 
and storage tank  in good condition.
d is tr . syst:
com m ents: well supplies water for milking house only;
not covered; well developed by Gill Drillers 
in Amite.
Sam pling Site Report — D12
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2. Sam pling  P o in t: cold water supply a t hand-washing sink inside 
milking barn cleaning room used for sampling; removed screen prior 
to sampling; flushed line 1  minute; usually milking at time of sampling 
(mid-afternoon).
3. Contam inant Sources (proximity to w ell):
— oxidation pond (> 1 0 0 ')
-- holding pen (5')
— shed used for storage of equipment, fuel (<50‘)
4. Bacterial H istory:
— negative readings: 1-8-92
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Site Identification #: D13 Soil Type: To
Soil Map #: 21
S a m p l in g  S it e  R e p o r t
F a r m  In f o r m a t io n
1. Number of Cattle: 130 (milking)
2. Waste Lagoon: new (also old lagoon)
3. Dairy Waste Handling: new lagoon; pump through 300' pipe; never see
runoff from this process, all infiltrates.
4. O ther:
— water quality problems -
(1 ) clear in color but leaves blue-green stain on tile (at house);
(2 ) at milking bam, reddish-brown deposit and stains visible on faucet; 
also staining on walls, sink, concrete floor; staining of brush when I 
clean inside of faucet; deposit does not feel slimy.
— deposit inside faucet present in summer 1993 (all sampling days), but not 
present in winter 1994 (all sampling days).
— Note: many dairies using anhydrous ammonia applied to pasture at 
high rates at approx. 1 2  inches below surface. Nitrates can come from 
fertilizer application, a lot used for pasture.
— 1 2 0  acres
We l l  In f o r m a t io n
l. Well: depth:
age:
location:
type:
condition:
distr. syst: 
comments:
115 ft.; water level is at approx. 60'
15 years
NW of barn, > 100 ft.; adjacent to shed 
submersible pump
well drained, grout unknown, concrete slab less 
than 5'x5'x4"; in good operating condition; casing 
12"-24" above slab; no vent; seal not tight, not in 
good condition; storage tank in good condition, 
metal pipe; brass faucets; 75-gal. storage tank 
storage tank rusted.
2. S a m p lin g  P o in t: cold water supply inside milking bam clean room; sample
at faucet (brass) on E wall.
3. Contam inant Sources (proximity to well):
-- fuel tank (110') -- holding pen (5')
4. Bacterial History: negative readings: 4-4-91, and 3-18-92
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Site Identification #: D14 Soil Type: RS
Soil Map #: 21
S a m p l in g  S it e  R e p o r t
F a r m  In f o r m a t io n
1 . Numher of Cattle: 520
2. Waste Lagoon: old
3. Dairy Waste Handling: no-discharge lagoon scheduled for installation in
1995; older lagoon; currently waste runs off in direction of sampling site # 
D14.
4. O ther — has seven wells on the dairy property that supply water for dairy
operations.
W f t j , In f o r m a t io n
l. Well: depth:
age:
location:
type:
condition:
distr. syst: 
comments:
approx 1 2 0  ft. 
greater than 2 0  years
0.25 mi. from milking house along Fence Post 
Rd., and near Hwy 1061. 
submersible pump
well drained, grout unknown, concrete slab less 
than 5'x5'x4"; in good operating condition; casing 
12"-24" above slab (?); slab severely broken; no 
vent; seal and storage tank in good condition, 
brass faucet; 30 ga. storage tank 
outside, not covered; near several homes; well is 
also used for residential drinking water supply; 
well selected for sampling because it is 
downslope of milking house and in the direction 
of flow of wastewater runoff.
2. S a m p lin g  Point: outside faucet (brass) at wellhead; allowing water to run
2-3 minutes to evacuate line; time increased to 7 minutes on last sampling
dates; grass grown up around well.
3. Contam inant Sources (proximity to well):
— old milking bam within 25 ft.
4. Bacterial History: -  unknown
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Site Identification #: D15 Soil Type: To
Soil Map #: 21
S a m p l in g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1. N um ber of C a ttle : 520
2. W aste L agoon: old
3. D a i r y  W aste H a n d l i n g  no-discharge lagoon scheduled for 
installation in 1995; older lagoon; currently waste runs off in direction 
of sampling site # D14.
4. O th e r — has seven wells on the dairy property that supply water for 
dairy operations.
W e l l  In f o r m a t io n
Well: dep th :
age:
location:
type:
cond ition :
d is tr . syst: 
com m ents:
approx. 1 2 0  ft.
9 years
south side of milking barn, physically 
connected to milking barn by concrete slab, 
approx. 5' away from building 
submersible pump
well drained, grout unknown, concrete slab 
greater than 5'x5'x4"; in good operating 
condition; casing 12"-24" above slab; no vent; 
seal and storage tank in good condition. 
PVC lines with brass faucet; 75-100 gal. tank 
well used regularly; valve always open.
S a m p lin g  P o in t: outside faucet (brass) at wellhead; sampling well is 
well and storage tank to R side of area; allowing water to run 1 minute 
to evacuate line.
3. C on tam inan t S ou rces (proxim ity  to  w ell):
— oxidation pond (> 1 0 0 ')
— holding pen (>1 0 0 ')
— fuel storage tanks approx. 20-25 ft. away
4. Bacterial H istory: — negative readings: 8-7-91, and 6-8-92
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Site Identification #: D16 Soil Type: To
Soil Map #: 21
S a m p l in g  S i t e  R e p o r t  
F a r m  In f o r m a t io n
1 . N um ber o f C a ttle : 300
2. W aste L agoon : old, 2-cell system
3. D airy  W aste H an d lin g : older lagoon; periodic land application of 
liquid waste from lagoon.
4. O th e r:
— well supplies water to house also; w ater softener added at house.
-- water may be high in iron.
— sampling point faucet leaking (significant flow); pvc line with shut- 
off value that's leaking.
W e l l  In f o r m a t io n
Well: dep th :
age:
location:
type:
cond ition :
d is tr . syst: 
com m ents:
approx. 70-80 ft. 
relatively new
just outside milking barn, approx. 5-10 feet 
from bam. 
submersible pump
well drained, grout unknown, concrete slab 
greater than 5'x5'x4"; in good operating 
condition; casing between 12"-24" above slab; 
no vent; seal and storage tank in good 
condition.
PVC; plastic faucet; 150 gal. storage tank.
2. S am pling  P o in t: first faucet inside milking area on R platform.
3. C o n tam in an t S ources (proxim ity  to  w ell):
— septic tank  (several 1 0 0 '), located beside house away from bam.
— another well (<50')
4. B ac te ria l H isto ry
— negative readings: 11-27-90, and 1-8-91
— positive readings: 11-19-91 and 12-4-91
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Site Identification #: R1 Soil Type: Tg/Ta
Soil Map #: 6
Sa m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1. Contam inant Sources (proximity to w ell):
— open, dug, 2-2 1/2 ft. diameter well within 20 ft. of well and 5 ft. 
from back of house (between house and sampling well); being filled 
with dirt, debris; securely screened to prevent accidental falling into 
well.
— fuel tank for house approx. 50 ft. away.
— shed with old fuel tank less than 50 ft.
— pipeline (gas?) crossing at edge of yard (>50 ft. from well).
-- septic tank  (location unknown)
2. D istance from Nearest Dairy:
3. Other:
— large pastures with horse, cattle all around house
— large bam  to N of house > 200 ft.
We l l  In f o r m a t io n
1. W ell: dep th : ? ft.
age: ? years
location: SE comer of house; approx. 20 ft. from house,
type: submersible pump
condition: casing < 1  ft. above ground level; no slab; 
top of well not completely closed.
d is tr . syst:
com m ents: 30 gal. storage tank.
2. S am pling  S ite : outside faucet a t wellhead; allowed water to run  7 
minutes to evacuate line.
3. B ac te ria l H isto ry : unknown
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Site Identification #: R2 Soil Type: Ta
Soil Map #: 9
Sa m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1. C o n ta m in a n t  S ources (p roxim ity  to  w ell):
— two septic systems, each greater than 1 0 0  ft. away
— some chemicals (oil, fertilizers, etc.) stored inside building that 
houses well, but securely stored.
2. D istance  to  N e are s t D a iry : ? miles.
3. O ther:
W e l l  I n f o r m a t io n
Well: depth:
age:
location:
type:
condition:
distr. syst: 
comments:
approx. 80 ft.
16 y e a rs (1978)
inside small building (shop, garden supplies) 
to R of house 
submersible pump
casing 1  ft. above concrete floor; top not fully 
sealed (?); adjacent area is clean.
PVC line, brass faucets; 75 gal. storage tank.
Sam pling  S ite : outside faucet (brass) to L of carport; allowed water 
to run 7 minutes to evacuate line.
B a c te ria l H is to ry : unknown.
4. O th e r :
-  copper or metallic taste to water; Mrs. Williams will not drink water 
without first flushing line.
265
Site Identification #: R3 Soil Type: Ta
Soil Map #: 12
S a m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1 . C o n tam in an t S ources (proxim ity  to  w ell):
— surface contamination potential only; limited flooding likely.
— septic tank  at end of house, > 1 0 0  ft. away.
2. D istance  to  N e a re s t D a iry :
3. O ther:
W e l l  In f o r m a t io n
W ell: dep th : 78-90 ft.
age: 15 years
location : behind house, 15 ft. away from house
type: submersible pump
condition : no slab; casing a t ground level,
d is tr . syst: PVC; brass faucet; 30 gal. storage tank 
com m ents: outside, uncovered
S am pling  S ite : 
evacuate line.
faucet a t pump; allowed water to run  7 minutes to
3. B ac te ria l H isto ry : unknown
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Site Identification #: R4 Soil Type: Rs
Soil Map #: 13
S a m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1. C o n tam in an t Sources (p rox im ity  to  w ell):
— Big Creek within 300 ft.; periodic surface flooding highly probable.
— septic tank - ?
-  hole adjacent to casing, not clear whether it goes through slab.
2. D istance  to  N earest D a iry : 1/4 mile
3. O th e r:
-  site is location of old dairy; closed many years; buildings have been 
removed.
W e l l  In f o r m a t io n
1 . W ell: dep th : 38 ft.
age: > 40 years
location: to L of old dairy barn; 100-150 ft. from Big
Creek; 25 ft. from barn, 
type: submersible pump
condition: slab at ground level; casing flush with slab;
flooding very likely, 
d is tr . syst: PVC lines; brass faucet; 20 gal. storage tank. 
com m ents: supplies drinking water to trailer across 
road (50-75 ft.); well is not covered.
2. Sam pling  S ite : faucet at pump; allowed water to run 5 minutes to 
evacuate line.
3. B ac te ria l H isto ry : unknown
4. O th e r:
— supplies water to a trailer 75 ft. away.
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S ite  Identification #: R5 Soil Type: Ca
Soil Map #: 16
S a m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1. C on tam inan t S ources (p rox im ity  to  w ell):
— septic tank (location unknown)
2. D istance  to  N earest D a iry : ? mile
3. O th e r :
— located on dairy property, but more than 1/4 mile from the milking 
barn and concentrated animal waste sources.
W e l l  I n f o r m a t io n
Well: depth :
age:
location:
type:
condition:
d is tr . syst: 
com m ents:
105-110 ft. 
approx. 15 years
E end of house, approx. 30 ft. away, 
submersible pump
appears to be in good operating condition; 
casing < 1 2 " above ground level; no slab; 
storage tank in good condition.
PVC; 30 gal. storage tank, 
new storage tank.
Sam pling S ite: outside faucet at wellhead; cold water supply; allowed 
w ater to run 7 minutes to evacuate line.
B ac te ria l H isto ry :
— unknown
4. O ther:
Site Identification #: R6 Soil Type: Sa
Soil Map #: 16
S a m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1 . C o n tam in an t S ou rces (proxim ity  to  w ell):
-  septic system > 1 0 0  ft. from well
-  propane fuel tank  25-30 ft. away
-  dairy located across highway, approx. 2 0 0  yards.
2. D istance  to  N e a re s t D a iry : 200 yards
3. O ther:
W e l l  In f o r m a t io n
1. Well: dep th : 80 ft.
age: 7 years
location : a t L end of trailer, approx. 20 ft.
type: submersible pump
cond ition : no slap;
d is tr . syst: PVC lines with brass faucet; 30 gal.tank. 
comments: should be DOTD registered! don't 
understand no slab.
2. S am pling  S ite : outside faucet at well; allowed water to run 7
minutes t 6  evacuate line; sampled from end of hose.
3. B ac te ria l H is to ry :
— unknown
4. O th e r:
— copper pipes replaced recently because of taste problem
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Site Identification  #: R7 Soil Type: Rn
Soil Map #: 20
S a m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1 . C o n tam in an t S ources (proxim ity  to  w ell):
— septic system - old system replaced 9 mo. ago (1993); replaced 
with oxidizing mechanical system; located > 2 0 0  ft. from well.
2. D istan ce  to  N e are s t D a iry :
3. O th e r :
— bought property 9 mo. ago; septic system had to be replaced prior 
to sale by previous owner; some type mechanical unit installed.
— house is at elevation 175 ft.
— old well a t from of house, near beginning of circular drive, > 150
ft. from supply well.
W e l l  In f o r m a t io n
1 . W ell: dep th : ? ft.
a  Se ' ? years
location : to R of house, approx. 50 ft.
type: submersible pump
condition : slab, casing 1  ft. above slab; covered with
small shed open on one side, 
d is tr . syst: much of system replaced with PVC pipes;
older lines rem ain in house, including 
copper and lead pipes (second floor);
com m ents:
2. S am p ling  S ite : outside faucet a t L side of house; allowed water to 
run  1 0  minutes to evacuate line.
Note: call prior to going for sample.
3. B a c te ria l H is to ry : check DHH records; should be 1993 record.
Site Identification #: R8 Soil Type: RS
Soil Map #: 20
S a m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1. C on tam in an t S ou rces (p rox im ity  to  w ell): 
— 75 ft. from animal feeding area
2. D istance  to  N e are s t D a iry :
3. O ther:
W e l l  In f o r m a t io n
dep th : ? ft.
age: ? years
location: to L of old milking bam , approx. 10 ft.
from building
type: submersible pump
condition : 3 X 6  ft. slab; casing extends 6  inches
above slab; no flooding potential.
d is tr . syst: PVC lines; brass faucet; 75 gal. storage
tank.
com m ents:
2. Sam pling  S ite : outside faucet a t wellhead; allowed w ater to run
10-15 minutes to evacuate line.
3. B ac te ria l H is to ry : unknown
4. Other:
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Site Identification #: R ll  Soil Type: Ma
Soil Map #: 21
S a m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1. C o n tam in an t S ources (proxim ity  to  w ell):
— septic tank (location unknown)
— chemicals (mostly related to swimming pool) stored inside building 
and adjacent to wellhead; containers secure;
2. D istance  to  N e are s t D a iry :
3. O ther:
W e l l  In f o r m a t io n
1. W ell: d ep th : ? ft.
age: ? years (recent)
location : behind house to L of swimming pool inside
small storage building 
type: submersible pump
condition : concrete floor; casing 6  inches above floor;
d is tr . syst: brass faucet; 75 gal. storage tank, 
com m ents:
2. Sam pling  S ite : outside faucet a t back of house (E comer) near
swimming pool; sampled from end of hose; allowed water to run 1 0
minutes to evacuate line.
3. B ac te ria l H istory:
4. Other:
272
Site Identification #: R12 Soil Type: To
Soil Map #: 21
Sa m p l in g  S it e  R e p o r t
S it e  In f o r m a t io n
1 . C o n tam in an t S ources (proxim ity  to  w ell):
— septic tank on E side of house, 70 ft. from well
2. D istan ce  to  N eare s t D airy :
3. O ther:
We l l  In f o r m a t io n
1. W ell: dep th : 150 ft. with w ater level at 90 ft. (depth
uncertain) 
age: 27 years (May 1968)
location: behind the house, 50 ft.; inside a small
storage building, 
type: submersible pump
condition : concrete slab; 
d is tr . syst: PVC; brass faucet, 
com m ents: well is stand-by water supply; house 
regularly on community supply
2. S am pling  S ite : outside faucet a t back of house; allowed water to 
run 1 0  minutes to evacuate line.
Note: need to call prior to going for sampling; owner needs to 
convert distribution line from municipal supply to well supply.
3. B a c te ria l H is to ry : unknown
4. O th e r :
~ Well driller: Dorman Vamado
APPENDIX I. WATER WELL DATA
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D e t e r m in a t io n  o f  We l l  F l u s h in g  T im e
P ro c ed u re
The time required for flushing the well to be sampled was determined 
experimentally. Samples from two wells, selected randomly from the dairy 
sampling sites, were collected at one minute intervals beginning at one 
m inute after the beginning of water flow from the faucet. Sampling 
continued for five minutes. Samples were sealed and stored on ice until they 
were delivered to the laboratory for analysis. N itrate concentrations were 
determined using Ion Chromatography.
D a ta
Nitrate Concentrations (mg NO3/L)
Time (min.) Site  #  D l l  Site # D16
1 2.927 0.348
2 3.036 0.355
3 2.940 0.349
4 2.915 0.364
5 2.977 0.348
S ta tis tic s  (where x=nitrate concentration, mg N 0 3/L and y=time, minutes)
Parameter Site # D l l Site # D16
number of samples (n) 5 5
mean nitrate conc. (X) 2.959 0.353
standard deviation (sx) 0.0489 0.007
(sJX) *100 1 . 6 6 1.96
correlation coefficient (r) -0.0678 0.206
slope (m) -2.1934 47
y-intercept (b) 9.49 -13.64
Table 47. Water Well Screening Sample Data.
Parameter Detection D l D2 D3 D 4 D 5 D 6 D 7 D 8
Limit Sampling Date: 27-May 1993
Fe <0.005 — - — - — - - -
Mn < 0 . 0 0 2 — - - — — — - -
Ni <0.025 — — — — — — — —
A1 <0.017 — - - - - - - —
Cd <0.005 — - - — — — - —
Cu <0.004 — — - - 0.1406 - - —
As <0.065 - - - - - - - -
B <0.014 - - - -- - - - -
P < 0 . 1 2 1 - - - - - -- - -
Pb <0.087 — — — — - — — —
Zn <0.005 0.007 0.009 0.0103 0.0123 0.0093 0.0048 0.0061 0.0291
Cr <0.008 — — — — - — - —
Si <0.030 4.531 4.675 4.643 5.595 5.177 4.393 5.005 5.171
Co <0.017 - - — — - - - —
Mg <0.030 0.1862 0.8911 0.3062 0.3781 0.229 0.314 0.249 0.353
IC <0.184 - 0.3335 - - 0.335 - — —
s <0.080 - -- - - - — - 0.229
Na <0.030 2.258 4.431 30.14 2.359 2.417 2.331 1.774 2.622
Ca < 0 . 0 1 1 0.8422 1.042 0.8505 1.188 0.938 0.652 0.447 0.830
Hardness* 2.9 6.5 3.4 4.5 3.3 2.9 2 . 1 3.5
-- Less than detection limits. * Calculated value. (table con'd.) 275
Parameter Detection D 9 DIO D l l D 12 D13 D 14 D15 D 16
Limit Sampling Date: 27-May 1993
Fe <0.005 — — — — — — —
Mn < 0 . 0 0 2 — 0.0146 0.2315 — - — —
Ni <0.025 — — — — — — —
A1 <0.017 — — — — — — —
Cd <0.005 — — — — — — —
Cu <0.004 — — — — 0.0037 — —
As <0.065 — — — — — — —
B <0.014 — — — — — — —
P < 0 . 1 2 1 — — — — — — —
Pb <0.087 — - - — — — — —
Zn <0.005 0.007 0.0142 0.015 0.018 0 . 0 1 0 1 0.005 0.007
Cr <0.008 — - — — — — —
Si <0.030 4.262 5.242 4.533 4.617 5.503 4.754 4.805
Co <0.017 — — — — — — —
Mg <0.030 0.552 3.748 1.574 0.33849 0.3674 0.3088 0.3774
K <0.184 — 0.6808 0.4016 — — — —
S <0.080 — 0.083 0.0878 0.0825 — 0.0977 0.0804
Na <0.030 2.62 9.954 1.823 3.833 3.348 3.215 3.909
Ca < 0 . 0 1 1 0.73 3.554 1.377 1.308 0.6763 1.03 1.197
Hardness* 4.1 24.3 9.9 4.9 3.2 3.8 4.5
-- Less than detection limits. * Calculated value. (table con'd.) 276
Detection D1 D2 D 3 D 4 D 5 D 6 D 7 D 8 D 9
Parameter Limit Sampling Date: 7-Apr 1994
Fe <0.005 — 0 . 0 1 2 0 . 0 1 2 - — 0.008 - 0.007 —
Mn < 0 . 0 0 2 0.006 0.032 — - - - - 0.004 0.003
Ni <0.025 — - - - - - — - —
A1 <0.017 — - - - — - — - —
Cd <0.005 — - - - - - — - -
Cu <0.004 0.0115 0.0126 0.0248 0.0097 0.0788 0.0145 0.0098 0 . 0 1 2 2 0.007
As <0.065 — — - — — - — 0.0648 —
B <0.014 — - - — — - - — —
P < 0 . 1 2 1 0.2176 - - 0.2369 0.3746 0.2259 0.1928 — 0.275
Pb <0.087 — - — — - — — — —
Zn <0.005 0.0117 0.0144 0.0351 0.0082 0.0183 0.0053 0.0119 0.0109 0.013
Cr <0.008 — - — — — — — — —
Si <0.030 4.567 4.547 4.524 5.484 4.937 4.424 4.81 5.075 4.209
Co <0.017 — — - — — — — — —
Mg <0.030 0.3009 0.9911 0.4207 0.4746 0.3465 0.4184 0.3428 0.4571 0.64
IC <0.184 0.1962 0.5639 - 0.609 0.2278 — 0.5368 0.3586 0.361
S <0.080 0.149 - 0.2592 0.0841 0.1513 0.1779 0.1092 0.0875 0.192
Na <0.030 2.389 4.564 3.092 2.437 2.415 2.466 1.776 2.595 2.606
Ca < 0 . 0 1 1 0.8012 1.044 0.8606 1.194 0.8928 0.6747 0.4363 0.3831 0.641
Hardness* 3.2397 6.6882 3.8814 4.9358 3.6562 3.4077 2.5011 2.8389 4.235
-- Less than detection limits. * Calculated (table con'd.) 277
(Detection DIO D l l D12 D 13 D 14 D 15 D16 R1
Parameter Limit Sampling Date: 7-Apr 1994
Fe <0.005 0.0081 0.0113 - 0.0065 0.0168 0 . 0 1 0 2 0.0114 0 . 0 1 1 2
Mn < 0 . 0 0 2 0.0399 0.1799 0.0017 0 . 0 0 2 2 - 0 . 0 0 2 1 -- 0.0046
Ni <0.025 — - - - - - - -
A1 <0.017 — — — - - - - -
Cd <0.005 — — - - - - - --
Cu <0.004 0.0057 0.0275 0.0176 0.0296 0.0092 0.0057 - 0.0397
As <0.065 — - - - - - - -
B <0.014 — - - - — - - -
P < 0 . 1 2 1 — 0.1597 0.157 — — — 0.3829 0.1708
Pb <0.087 — — — — - — - -
Zn <0.005 0.162 0.0509 0.0275 0.0189 0.0127 0.0193 0.0524 0.0233
Cr <0.008 — - — — — — — -
Si <0.030 5.008 4.444 4.431 5.236 4.552 4.598 4.601 4.976
Co <0.017 — — - — — — - --
Mg <0.030 3.548 1.653 0.488 0.387 0.4571 0.364 0.4391 1 . 1 1
K <0.184 0.9766 1.06 — 0.2143 0.2752 0.1985 — 1.157
S <0.080 0.1255 0.2802 0.1659 0.1604 0.2677 0 . 2 2 2 1 0.1485 0.2098
Na <0.030 9.576 1.877 3.837 2.855 3.371 3.228 3.819 5.42
Ca < 0 . 0 1 1 3.561 1.451 1.335 0.6093 1.27 0.9877 1.131 2.737
Hardness* 23.5025 10.4302 5.34308 3.11509 5.05353 3.9652 4.6323 11.405
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Detection R2 R3 R4 R5 R6 R 7 R8 R II R12
Parameter Limit Sampling Date: 7-Apr 1994
Fe <0.005 0.0075 0.0111 0.0513 0.0077 0.0079 0.0179 0.0048 0.0062 0.0688
Mn <0.002 0.003 0.0021 0.1112 0.0043 — 0.0034 — 0.0081 —
Ni <0.025 — — — — — — — — 0.0261
A1 <0.017 — — 0.0807 — — — — — —
Cd <0.005 — — — - - — — — —
Cu <0.004 0.0119 0.0095 0.022 0.01 0.0228 0.161 0.0071 0.0619 0.2992
As <0.065 - - - - - - — — — —
B <0.014 — - — — - — — — —
P <0.121 0.2259 0.1487 0.2396 0.2038 0.1845 - — 0.179 —
Pb <0.087 - — — — - — — — —
Zn <0.005 0.0137 0.0178 0.0144 0.0153 0.0158 0.0363 0.0181 0.0115 0.2306
Cr <0.008 — — - — — — — — —
Si <0.030 4.879 4.053 4.099 5.404 5.367 4.413 6.787 4.277 4.574
Co <0.017 - — — — — — — — —
Mg <0.030 0.8837 0.5156 6.07 1.764 0.481 0.9565 0.4926 0.658 0.4935
IC <0.184 0.5729 0.5909 6.796 1.173 0.5346 0.5323 0.6676 0.3722 0.2526
s <0.080 0.1179 0.2377 0.2504 0.2933 0.1513 0.1276 0.2975 0.1749 0.0972
Na <0.030 4.269 2.587 13.26 7.919 3.067 2.777 2.46 3.447 2.88
Ca <0.011 1.796 0.3466 2.392 2.853 1.238 0.4286 1.378 0.4882 0.5524
Hardness* 8.1237 2.9887 30.969 14.388 5.072 5.0091 5.4694 3.9287 3.4116
-- Less than detection limits. * Calculated 279
ITable 48. Water Well Routing Sam pling Data.
Sam pling S ite  #: D1
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab NQ3 (mg-N03/L) P 0 4  (ppm)
1993 27-May 144 m m 6.05 m 41.8 0.52 0
28-Jun 179 25 7.42 m 33 m 0.88 0
12-Jul 193 24.3 6.16 m 48.7 m 0.50 0
26-Jul 207 26.7 8.43 m m 34.4 0.76 0
9-Aug 221 23.1 8.02 m 25.4 m 0.92 0
1994 11-Jan 376 m m m m m 0.94 0
25-Jan 390 m m 5.5 m m 0.94 0
8-Feb 404 m 8.63 5.7 m m 0.90 0
22-Feb 418 m m 5.5 m m 1.09 0
10-Mar 434 m m 5 m m 1.03 0
22-Mar 446 m m 5.5 m m 0.91 0
7-Apr 462 21.2 4.56 5.5 625 m 0.99
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field u sin g  pH  test strips.
Statistics:
Average Value for Site 
Sum of Values for Site 
Number of Samples at Site
24.06 7.20333333 5.5357143 183.025 38.1 0.865125 0
120.3 43.22 38.75 732.1 76.2 10.3815 0
5 6 7 4 2 12 11
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S a m p l in g  S i t e  #: D 2
Y ea r S a m p lin g  D a te J u lia n  D a y T e m p  p H -F le ld  pH -L ab* E C -F ie ld E C -L ab i f 0 3  (m g -N 0 3 /L ) N 0 3 @ H S P 0 4  (p p m )
1 9 9 3 2 7 -M a y 1 4 4 m m 5 .7 8 m 1 9 .7 0 0 0
2 8 - J u n 1 7 9 m 7 .1 1 m 60 .1 m 1 0 .7 9 9 .51 0
1 2 -J u l 1 9 3 m 5 .1 2 m 4 8 .7 m 8 .1 6 7 .8 4 0
2 6 -J u l 2 0 7 2 5 .4 5 .4 3 m m 5 2 .8 9 .5 8 9 .5 5 0
9 - A u g 221 2 3 .6 5 .5 2 m 5 1 .5 m 9 .7 0 9 .6 3 0
1 9 9 4 1 1 -J a n 3 7 6 m m m m m 1 0 .2 3 1 0 .0 5 0
2 5 -J a n 3 9 0 m m 5 m m 1 0 .0 4 1 0 .0 4 0
8 -F e b 4 0 4 m 8 .5 6 5 .5 4 5 m 1 0 .1 1 10 .1 1 0
2 2 -F e b 4 1 8 m m 5 .5 m m 1 0 .2 3 9 .9 8 0
1 0 - M a r 4 3 4 m m 5 .5 m m 1 0 .3 2 9 .9 6 0
2 2 - M a r 4 4 6 m m 5 .5 m m 1 0 .3 1 1 0 .1 6 0
7 - A p r 4 6 2 2 2 .2 4 .2 8 5 .5 4 5 .3 m 1 0 .0 8 1 0 .0 6
Statistics:
A v e r a g e  V a lu e  f o r  S i te  
S u m  o f  V a lu e s  f o r  S i te  . 
N u m b e r  o f  S a m p le s  a t  S i t e
O nly first m easurem ent w as in lab; later m easurem ents 
w ere m ade in the field u sing  pH  test strips.
( t a b le  c o n 'd .]
2 3 .7 3 3  6 .0 0 3 3 3 3 3  
7 1 .2  3 6 .0 2
3  6
5 .4 6 8 5 7 1 4
3 8 .2 8
7
5 0 .1 2
2 5 0 .6
5
3 6 .2 5
7 2 .5
2
9 .1 2 9 2 5  8 .9 0 7 1 6 6 6 7  
1 0 9 .5 5 1  1 0 6 .8 8 6
12 12
0
0
11
Sampling Site #: D3
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab N 0 3  (mg-NQ3/L) P 0 4  (ppm)
1993 27-May 144 m m 5.93 m 22.9 0.52 0
28-Jun 179 26.9 7.13 m 29.2 m 0.45 0
12-Jul 193 25.8 6.36 m 41.5 m 0.70 0
26-Jul 207 28.2 7.84 m m 31.1 0.43 0
9-Aug 221 25.7 7.95 m 27.2 m 0.46 0
1994 11-Jan 376 m m m m m 0.59 0
25-Jan 390 m m 5.5 m m 0.56 0
8-Feb 404 m 7.88 5.5 m m 0.52 0
22-Feb 418 m m 5.5 m m 0.50 0
10-Mar 434 m m m m m 0.51 0
22-Mar 446 m m 5 m m 0.52 0
7-Apr 462 20.4 m 5.5 77.1 m 0.58 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field u sing  pH  test strips.
Statistics:
Average Value for Site 25.4 7.432 5.4883333 43.75 27 0.527125 0
Sum of Values for Site 127 37.16 32.93 175 54 6.3255 0
Number of Samples at Site 5 5 6 4 2 12 12
toooto
Sampling Site #: D4
Year Sam pling Date Julian D ay Temp ! & pH-Lab* EC-Field EC-Lab N 0 3  (m g-N03/L) PQ4 (ppm)
1993 27-May 144 m m 6.06 m 24.5 1.60 0
28-Jun 179 26.6 7.19 m 40.3 m 6.64 0
12-Jul 193 26 6.61 m 43.6 m 1.28 0
26-Jul 207 27.7 8.52 m m 31 1.63 0
9-Aug 221 24.7 8.22 m 29.3 m 1.72 0
1994 11-Jan 376 m m m m m 1.68 0
25-Jan 390 m m 5 m m 1.76 0
8-Feb 404 m 8.25 5.2 m m 1.66 0
22-Feb 418 m m 5.5 m m 1.63 0
10-Mar 434 m m 5 m m 1.89 0
22-Mar 446 m m 5.5 m m 1.82 0
7-Apr 462 21.2 m 5.5 46 m 1.65 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field u sing  pH  test strips.
Statistics:
Average Value for Site 25.24 7.758 5.3942857 39.8 27.75 2.081025 0
Sum of Values for Site 126.2 38.79 37.76 159.2 55.5 24.9723 0
Number of Samples at Site 5 5 7 4 2 12 12
tooo
co
Sampling Site #; DS
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab NQ3 (mg-NOS/L) PQ4 (ppm)
1993 27-May 144 m m 5.99 m 21.3 1.72 0
28-Jun 179 28.2 7.23 m 24.9 m 1.53 0
12-Jul 193 24.9 5.91 m 38.3 m 0.96 0
26-Jul 207 30.4 8.27 m m 28.2 1.97 0
9-Aug 221 26 8.08 m 26.2 m 1.65 0
1994 11-Jan 376 m m m m m 1.63 0
25-Jan 390 m m 5.5 m m 1.62 0
8-Feb 404 m 8.2 5.5 m m 1.61 0
22-Feb 418 m m 5.5 m m 1.59 0
10-Mar 434 m m 5.5 m m 1.58 0
22-Mar 446 m m 5 m m 1.56 0
7-Apr 462 24.5 4.45 5.25 225 m 1.60 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field u sing  pH  test strips.
Statistics:
Average Value for Site 26.8 7.0233333 5.4628571 78.6 24.75 1.583916667 0
Sum of Values for Site 134 42.14 38.24 314.4 49.5 19.007 0
Number of Samples at Site 5 6 7 4 2 12 12
to
00
Sampling Site #: D6
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab I ! i P 0 4  {'ppm)
1993 27-May 144 m m 5.92 m 20.9 1.44 0
28-Jun 179 26.9 7.53 m 23.9 m 1.47 0
12-Jul 193 25.9 7.34 m 37.7 m 0.84 0
26-Jul 207 28.4 8.3 m m 27.5 1.51 0
9-Aug 221 27.7 8.22 m 23.4 m 1.48 0
1994 11-Jan 376 m m m m m 1.51 0
25-Jan 390 m m 5.5 m m 2.92 0
8-Feb 404 20.9 8.37 m m m 1.56 0
22-Feb 418 m m 5 m m 1.61 0
10-Mar 434 m m 5.25 m m 4.05 0
22-Mar '446 m m 5.5 m m 1.51 0
7-Apr 462 19.8 m 5 79.9 m 1.54 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field using pH  test strips.
Statistics:
Average Value for Site 24,933 7.952 5.3616667 41.225
Sum of Values for Site 149.6 39.76 32.17 164.9
Number of Samples at Site 6 5 6 4
24.2 1.787191667 0
48.4 21.4463 0
2 12 12
to
00
cn
iSam pling S ite  #: D 7
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab
|!1 P 0 4  (ppm)
1993 27-May 144 m m 6.01 m 16 0.28 0
28-Jun 179 25 7.54 m 18.99 m 0.27 0
12-Jul 193 25.7 7.09 m 27.8 m 0.19 0
26-Jul 207 28.2 8.23 m m 21.7 0.21 0
9-Aug 221 23.2 8.15 m 19.6 m 0.21 0
1994 11-Jan 376 m m m m m 0.25 0
25-Jan 390 m m 5 m m 0.25 0
8-Feb 404 21.9 7.48 m m m 0.22 0
22-Feb 418 m m 5.5 m m 0.19 0
10-Mar 434 m m 5.5 m m 0.21 0
22-Mar 446 m m 5.5 m m 0.21 0
7-Apr 462 m m 5.5 m m 0.24 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field using pH  test strips.
Statistics:
Average Value for Site 24.8 7.698 5.5016667 22.13 18.85 0.225466667 0
Sum of Values for Site 124 38.49 33.01 66.39 37.7 2.7056 0
Number of Samples at Site 5 5 6 3 2 12 12
toooO
fSam pling S ite  #; D 8
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab N 0 3  (m g-N03/L) P 0 4  (ppm)
1993 27-May 144 m m 5.89 m 21.5 1.35 0
28-Jun 179 27.2 m 6.81 m 25.8 1.20 0
12-Jul 193 27.7 5.82 m 38.2 m 1.09 0
26-Jul 207 30.3 7.64 m m 28.6 1.28 0
9-Aug 221 27.5 7.5 m 27.1 m 1.62 0
1994 11-Jan 376 m m m m m 1.26 0
25-Jan 390 m m 5 m m 1.28 0
8-Feb 404 20 8.6 m m 1.27 0
22-Feb 418 m m 5.5 m m 1.23 0
10-Mar 434 m m 5.25 m m 1.22 0
22-Mar 446 m m 5.5 m m 1.22 0
7-Apr 462 m m 5 m m 1.30 0
* O nly first m easurem ent w as in lab; later m easurem ents 
w ere m ade in the field u sin g  pH  test strips.
Statistics:
Average Value for Site 26.54 7.39 5.56428571 32.65 25.3 1.276016667 0
Sum of Values for Site 132.7 29.56 38.95 65.3 75.9 15.3122 0
Number of Samples at Site 5 4 7 2 3 12 12
to
03<1
Sampling Site #: D9
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab
1!1
P 0 4  (ppm)
1993 27-May 144 m m 5.71 m 29 2.29 0
28-Jun 179 24.4 7.41 m 28.3 m 2.02 0
12-Jul 193 24.6 6.18 m 48.4 m 1.40 0
26-Jul 207 29.3 8.24 m m 33.3 2.07 0
9-Aug 221 24.4 8.56 m 28 m 2.16 0
1994 11-Jan 376 m m m m m 2.09 0
25-Jan 390 m m 5 m m 2.08 0
8-Feb 404 21.5 7.73 m m m 2.10 0
22-Feb 418 m m 5.5 m m 1.97 0
10-Mar 434 m m 5.25 m m 2.00 0
22-Mar 446 m m 5.5 m m 1.94 0
7-Apr 462 m m 5.5 m m 2.01 0
*  Only first measurement was in lab; later measurements (table con'd.)
were made in the field using pH test strips.
Statistics:
Average Value for Site 24.84 7.624 5.41 34.9 31.15 2.010516667 0
Sum of Values for Site 124.2 38.12 32.46 104.7 62.3 24.1262 0
Number of Samples at Site 5 5 6 3 2 12 12
to
COco
S a m p l in g  S i t e  # :  D I O
Y e a r S a m p l in g  D a te J u l ia n  D a y T e m p p H - F ie ld  p H -L a b * E C -F ie ld
1§itc§1I1•QI
1993 27-May 144 m m 5.57 m 102.1 0 0 0
28-Jun 179 22.8 6.88 4.17 116.4 m 35.07 57 0
12-Jul 193 22.9 5.91 m 184.4 m 15.76 18.73 0
26-Jul 207 26.3 6.76 m m 128.9 18.59 26.04 0
9-Aug 221 23.3 7.44 m 118.5 m 18.84 26.83 0
1994 11-Jan 376 m m m m m 20.97 26.78 0
25-Jan 390 m m 5 m m 20.61 26.68 0
8-Feb 404 22.2 6.68 m m m 20.37 26.30 0
22-Feb 418 m m 5 m m 21.76 25.53 0
10-Mar 434 m m 5 m m 21.37 25.20 0
22-Mar 446 m m 5.5 m m 21.6 25.34 0
7-Apr 462 m m 5 m m 20.49 24.79 0
* Only first measurement was in lab; later measurements (table c o n 'd .)
were made in the field using pH test strips.
Statistics:
Average Value for Site 23.5
Sum of Values for Site 117.5
Number of Samples at Site 5
6.734 5.0342857 139.76667 115.5 19.61866667 25.767333 0
33.67 35.24 419.3 231 235.424 309.208 0
5 7 3 2 12 12 12
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Sampling Site #: D ll
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab
i!1 P 0 4  (ppm)
1993 27-May 144 m m 6.22 m 32 2.89 0
28-Jun 179 24.1 7.27 m 37.5 m 2.49 0
12-Jul 193 22.8 5.84 m 59.8 m 0.96 0
26-Jul 207 27.7 8.04 m m 41.6 2.45 0
9-Aug 221 25.5 7.778 m 37.7 m 2.26 0
1994 11-Jan 376 m m m m m 1.97 0
25-Jan 390 m m 5 m m 2.07 0
8-Feb 404 23.1 6.73 m m m 2.01 0
22-Feb 418 m m 5 m m 2.25 0
10-Mar 434 m m 5.5 m m 2.27 0
22-Mar 446 m m 5.25 m m 2.39 0
7-Apr 462 m m 5.5 m m 2.42 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in  the field u sing  pH  test strips.
Statistics:
Average Value for Site 24.64 7.1316 5.4116667 45 36.8 2.200591667 0
Sum of Values for Site 123.2 35.658 32.47 135 73.6 26.4071 0
Number of Samples at Site 5 5 6 3 2 12 12
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Sampling Site #: D12
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab N 0 3  (mg-N03/L) P 0 4  (ppm)
1993 27-May 144 m m 5.98 m 29.2 1.63 0
28-Jun 179 m m m 37.8 m 1.49 0
12-Jul 193 24.5 6.3 m 81.8 m 1.20 0
26-Jul 207 27.4 8.08 m m 38.8 1.68 0
9-Aug 221 26.8 8.61 m 32.4 m 1.78 0
1994 11-Jan 376 m m m m m 1.97 0
25-Jan 390 m m 5 m m 2.05 0
8-Feb 404 22.4 6.81 m m m 2.15 0
22-Feb 418 m m 5 m m 2.04 0
10-Mar 434 m m 5.5 m m 2.06 0
22-Mar 446 m m 5 m m 2.12 0
7‘Apr 462 m m 5.25 m m 2.17 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field u sin g  pH  test strips.
Statistics:
Average Value for Site 25.275 7.45 5.2883333 50.6666667 34 1.86145 0
Sum of Values for Site 101.1 29.8 31.73 152 68 22.3374 0
Number of Samples at Site 4 4 6 3 2 12 12
to
to
ISam pling S ite  #: D 13
Year Sam pling Date Julian D ay Temp pH-Field pH-Lah* EC-Field EC-Lab N 0 3  (mg-N03/L) P 0 4  (ppm)
1993 27-May 144 m m 6.01 m 25.6 1.83 0
28-Jun 179 m m m 76.1 m 1.46 0
12-Jul 193 24.3 6.28 m 31.1 m 1.48 0
26-Jul 207 29.9 7.99 m m 36.8 1.70 0
9-Aug 221 27.6 8.5 m 26.2 m 1.43 0
1994 11-Jan 376 m m m m m 0.86 0
25-Jan 390 m m 5 m m 0.85 0
8-Feb 404 22.3 8.46 m m m 0.83 0
22-Feb 418 m m 5.5 m m 0.76 0
10-Mar 434 m m 5.5 m m 0.79 0
22-Mar 446 m m 5.5 m m 0.84 0
7-Apr 462 m m 5.5 m m 0.90 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field  u sing  pH  test strips.
Statistics:
Average Value for Site 26.025 7.8075 5.5016667 44.466667 31.2 1.14215 0
Sum of Values for Site 104.1 31.23 33.01 133.4 62.4 13.7058 0
Number of Samples at Site 4 4 6 3 2 12 12
to
CD
to
Sampling Site #: D14
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab
|!1
P 0 4  (ppm)
1993 27-May 144 m m 6.19 m 25.9 0.43 0
28-Jun 179 m m m 33 m 0.42 0
12-Jul 193 23.6 6.61 m 29.7 m 0.39 0
26-Jul 207 28.2 8.07 m m 34.7 0.44 0
9-Aug 221 25.4 8.56 m 28.1 m 0.45 0
1994 11-Jan 376 m m m m m 0.44 0
25-Jan 390 m m 5 m m 0.46 0
8-Feb 404 21.5 7.35 m m m 0.45 0
22-Feb 418 m m 5.5 m m 0.38 0
10-Mar 434 m m 5.5 m m 0.39 0
22-Mar 446 m m 5 m m 0.36 0
7-Apr 462 m m 5.5 m m 0.45 0
Statistics:
Average Value for Site 
Sum of Values for Site 
Number of Samples at Site
O nly first m easurem ent w as in lab; later m easurem ents  
w ere m ade in the field u sing  pH  test strips.
24.675 7.6475 5.4483333 30.266667 30.3
98.7 30.59 32.69 90.8 60.6
4 4 6 3 2
(table con'd.)
0.422125
5.0655
12
0
0
12
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Sampling Site #: D1S
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab N 0 3  (mg-N03/L) P 0 4  (ppm)
1993 27-May 144 m m m m m m m
28-Jun 179 m m m 34.8 m 0.50 0
12-Jul 193 24.1 6.72 m 34.3 m 0.32 0
26-Jul 207 28 7.87 m m 40.5 0.52 0
9-Aug 221 23.8 8.12 m 32.3 m 0.48 0
1994 11-Jan 376 m m m m m 0.52 0
25-Jan 390 m m 5 m m 0.32 0
8-Feb 404 21.5 6.95 m m m 0.52 0
22-Feb 418 m m 5.5 m m 0.34 0
10-Mar 434 m m 5.5 m m 0.38 0
22-Mar 446 m m 5.25 m m 0.40 0
7-Apr 462 m m 5.5 m m 0.41 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field u sing  pH  test strips.
Statistics:
Average Value for Site 24.35 7.415 5.35 33.8 40.5 0.428090909 0
Sum of Values for Site 97.4 29.66 26.75 101.4 40.5 4.709 0
Number of Samples at Site 4 4 5 3 1 11 11
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iSam pling S ite  #: D 16
Year Sam pling Date Julian D ay Temp pH-Field pH-Lab* EC-Field EC-Lab N 0 3  (mg-N03/L) P 0 4  (ppm)
1993 27-May 144 m m 6.05 m 30.2 0.38 0
28-Jun 179 m m m 137 m 0.33 0
12-Jul 193 24 6.49 m 33.8 m 0.28 0
26-Jul 207 26.9 7.94 m m 40.9 0.34 0
9-Aug 221 24.4 5.24 m 39 m 0.32 0
1994 11-Jan 376 m m m m m 0.31 0
25-Jan 390 m m 5.5 m m 0.28 0
8-Feb 404 21.2 7.27 m m m 0.25 0
22-Feb 418 m m 5.5 m m 0.24 0
10-Mar 434 m m 5.5 m m 0.25 0
22-Mar 446 m m m m m 0.26 0
7-Apr 462 m m 5.5 m m 0.33 0
* O nly first m easurem ent w as in lab; later m easurem ents (table con'd.)
w ere m ade in the field  u sin g  pH  test strips.
Statistics:
Average Value for Site 24.125 6.735 5.61 69.933333 35.55 0.296083333 0
Sum of Values for Site 96.5 26.94 28.05 209.8 71.1 3.553 0
Number of Samples at Site 4 4 5 3 2 12 12
totoUl
S a m p l in g  S i t e  #; R 1
Y e a r S a m p l in g  D a  t e J u l ia n  D a y T e m p p H - F ie ld p H - T e s t  S t r i p E C -F ie ld
ii i1
P 0 4  (p p m )
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m m 5.5 m 12.67 12.79 0
7-Apr 97 22.2 4.31 5 67.5 12.35 12.94 0
(table con'd.)
Statistics:
Average Value for Site 22.2 4.31 5.25 67.5 12.51 12.87 0
Sum of Values for Site 22.2 4.31 10.5 67.5 25.02 25.73 0
Number of Samples at Site 1 1 2 1 2 2 2
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ISam pling S ite  #: R 2
Year Sam pling Date Julian D ay Temp pH-Field pH -Test S trip  EC-Field NQ3 (m g-N03/L) PQ4 (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m m 5 m  10.23 0
7-Apr 97 20.6 4.28 5 121 10.03 0
(table con'd.)
Statistics:
Average Value for Site 20.6 4.28 5 121 10.13 0
Sum of Values for Site 20.6 4.28 10 121 20.27 0
Number of Samples at Site 1 1 2 1 2 2
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Sampling Site #: R3
Year Sam pling Date Julian D ay Temp pH-Field pH -T st S trip EC-Field NQ3 (m g-N03/L) PQ4 (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m m  5.5 m 0.77 0
7-Apr 97 25.4 4.29 5.25 0.20 0.79 0
(table con'd.)
Statistics:
Average Value for Site 25.4 4.29 5.38 0.20 0.78 0
Sum of Values for Site 25.4 4.29 10.75 0.20 1.56 0
Number of Samples at Site 1 1 2 1 2 2
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Sampling Site #: R4
Year Sam pling Date Julian D ay Tem p pH-Field pH -T st Strip EC-Field NQ3 (mg-NQ3/L) PQ4 (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m m 5 m 24.31 0
7-Apr 97 23.4 3.81 5 182.2 22.79 0
(table con'd.)
Statistics:
Average Value for Site 23.4 3.81 5 182.2 23.55 0
Sum of Values for Site 23.4 3.81 10 182.2 47.11 0
Number of Samples at Site 1 1 2 1 2 2
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Sampling Site #: R5
Year Sam pling Date Julian D ay Temp pH -Tst S trip EC-Field NQ3 (m g-N03/L) PQ4 (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m 5.5 m 9.445 0
7-Apr 97 m 5 m 9.422 0
(table con'd.)
Statistics:
Average Value for Site 5.25 9.4335 0
Sum of Values for Site 10.5 18.867 0
Number of Samples at Site m  2 m  2 2
Sampling Site #: R6
Year Sam pling Date Julian D ay Temp pH -Tst S trip EC-Field N 03  (m g-N03/L) PQ4 (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m 5 m 1.825 0
7-Apr 97 m 5.25 m 1.843 0
(table con'd.)
Statistics:
Average Value for Site 5.125 1.834 0
Sum of Values for Site 10.25 3.668 0
Number of Samples at Site m  2 m  2 2
Sampling Site #: R 7
Year Sam pling Date Julian D ay Temp pH -Tst S trip EC-Field N 0 3  (m g-N03/L) PQ4 (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m m m 1.014 0
7-Apr 97 m 5.5 m 1.186 0
(table con'd.)
Statistics:
Average Value for Site 5.5 1.1 0
Sum of Values for Site 5.5 2.2 0
Number of Samples at Site m  1 m  2 2
Sampling Site #: R8
Year Sam pling Date Julian D ay Temp pH -Tst S trip EC-Field NO 3  (m g-N03/L) P 04 (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m 5.25 m 0.216 0
7-Apr 97 m 5 m 0.282 0
(table con'd.)
Statistics:
Average Value for Site 5.125 0.249 0
Sum of Values for Site 10.25 0.498 0
Number of Samples at Site m 2 m 2 2
Sampling Site #: R l l
Year Sam pling Date Julian D ay Temp pH -Tst S trip EC-Field NOS (m g-N03/L) P 0 4  (ppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m 5 m 2.505 0
7-Apr 97 m 5.25 m 2.534 0
(table con'd.)
5.125 2.5195 0
10.25 5.039 0
2 m 2 2
Statistics:
Average Value for Site 
Sum of Values for Site 
Number of Samples at Site m
Sampling Site #: R12
Year Sam pling Date Julian D ay Temp pH -T st Strip EC-Field N 0 3  (m g-N03/L) PQ4 fppm)
1993 27-May 144
28-Jun 179
12-Jul 193
26-Jul 207
9-Aug 221
1994 11-Jan 11
25-Jan 25
8-Feb 404
22-Feb 53
11-Mar 70
22-Mar 81 m 5 m 0.495 0
7-Apr 97 m 5.5 m 0.544 0
(table con'd.)
Statistics:
Average Value for Site 5.25 0.5195 0
Sum of Values for Site 10.5 1.039 0
Number of Samples at Site m  2 m  2 2
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